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Abstract 
Morphology and Anisotropic Ionic Conductivity Properties of Poly(ethylene 
oxide)-Lithium Salt Holographic Polymer Dispersed Electrolyte Volume 
Gratings 
Derrick Smith 
 
 
 
 Energy has become one of the most urgent topics of conversation, not only 
from consumer desire but from energy consumption being the leading 
contributor to greenhouse gas emissions.  As energy sources are replaced with 
renewable supplies, the need for longer lasting, faster and more versatile energy 
storage devices soars.  While many researchers have demonstrated repeatable 
characteristics of electrolytes, membranes and cathode systems, the 
fundamentals behind the interactions during ionic diffusion in polymer 
membranes, which hold the key to improving performance of energy storage 
devices such as fuel cells and Lithium ion batteries, are not well understood, 
specifically the role nanostructures play in affecting the macro-properties of ionic 
diffusion.  This is partially because of the challenge to fabricate model systems that 
allows reconciliation of meaning between nanostructures and their corresponding 
ion conducting behavior 
 To this end, in this thesis work, Holographic Polymer Dispersed Electrolyte 
(HPDE) volume gratings comprised of alternating layers of crosslinked polymer 
resin and lithium ion salt were fabricated using holographic polymerization and 
xv 
 
 
the average d-spacing of the layers are approximately 200 nm.  Two optical setups 
were used as a model system to write patterns with the normal direction of the 
layers both perpendicular and parallel to the film.  These one-dimensional 
confinement structures were used to study the anisotropic ionic conductivity of 
through and in-plane of the confined electrolyte layers and the unique ion 
conducting behavior was correlated with nanoscale phase separation. These volume 
gratings also offer an exciting route to fabricate multifunctional gratings for optic 
and sensing applications. 
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Chapter 1. Introduction 
 Energy has been an increasing topic of conversation the past few decades, 
especially with irrefutable evidence that CO2 emissions have exponentially 
increased since the mid-1700s, notably around the time James Watt patented his 
steam engine[1].  Figure 1.1 shows a breakdown of the cause of these greenhouse 
emissions in 2000, with energy as largely the leading source. 
 A major obstacle into incorporating renewable energy sources into large-scale 
use is that by definition, renewable sources are not something we can dial up and 
down every hour according to energy needs.  For instance, wind energy can only 
be collected and used when it is windy, and solar energy can only be generated 
when it is sunny; energy storage comes into play to help distribute the energy in 
appropriate quantities during the times needed.  MacKay [1] published a book in 
2008 regarding the power consumptions of England, specifically where the 
energy was coming from, where sustainable energy could replace those sources, 
and what was drawing the energy needs.  He found that approximately 32% of 
the energy was used to heat and cool buildings, 32% for transportation, split 
almost evenly between road and air vehicles, and 14% for electrical devices.  The 
remaining portion used is because of energy conversion losses. 
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Figure 1.1: Breakdown of world’s greenhouse gas emissions in 2000 organized by 
cause and gas [1]. 
 There are many ways of storing energy, ranging from gravitational mass 
storage where water, for instance, is pumped to higher elevations, to compressed 
gasses, to fuel cells, to electrochemical batteries.  Unfortunately, 60% of energy 
consumption cannot be practically charged using these storage methods because 
of the inherent mobile nature of the devices.  This leaves us with a smaller list of 
possibilities with batteries far outweighing the competition for most applications. 
 Batteries generally fall into two categories: single-use batteries including 
zinc-manganese dioxide, and rechargeable including nickel-cadmium, lead-acid 
and alkaline gel electrolytes[2], which have been showing exponential interest 
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with advancing technology and personal gadgets.  Single-use batteries have 
higher power densities and lower conversion losses; however, they frail in 
comparison to rechargeable batteries in overall energy cost to fabricate versus 
lifetime energy, as well as consumer convenience. 
 Lithium ion batteries have been a large focus for developers the past 20 
years because of their light-weight characteristics and high electrochemical 
reduction potential.  In the United States, one of the leading industries that often 
create affordable and cost effective devices or parts from the unparalleled 
consumer demand where other industries cannot is the automotive business.  
Since in England, and probably notably higher in the U.S, the ground 
transportation is 16% of all energy consumption, then it would greatly benefit 
society if an alternative to fossil fuels was used in conjunction with a battery-type 
storage device.  Unfortunately, one of the major drawbacks to the most 
promising lithium ion batteries is they are unsafe at elevated temperatures and 
can easily catch on fire or explode under the wrong operating conditions that are 
commonly found in automobiles [3]. 
 Polymer batteries have been extensively researched since 1973, when 
Fenton et al launched a study of polymer based electrolytes [4].  The purpose of 
engineering better batteries with higher power densities, longer life cycles, and 
higher power outputs is to implement a wider range of energy sources, including 
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sustainable energy resources, into already existing devices commonly used by 
society.  While many researchers have exhibited repeatable characteristics of 
electrolytes, membranes and cathode systems, the fundamentals behind the 
interactions during ionic diffusion are not well understood, specifically the role 
nanostructures play in affecting the macro-properties of ionic diffusion. 
 The subsequent chapters in this work are focused around a study of ionic 
conductivity directly influenced by long-range ordered nanostructure 
confinement of electrolyte.  Chapter 2 is meant to illuminate the most recent and 
promising works regarding battery membrane improvements for cyclability, as 
well as the understandings and misunderstandings the scientific community has 
on ionic conductivity.  Chapter 3 discusses nanofabrication techniques and 
logically deduces which technique is most appropriate for this work’s goals.  
Chapter 4 presents the intended material recipe for the electrolyte and methods 
of characterization.  Chapter 5 exhibits a new setup for measuring ionic 
conductivity as well as a preliminary recipe which led to the successful recipe 
displayed in Chapters 6 and 7.  Chapter 6 examines the electrochemical 
impedance spectra of the recipe, and Chapter 7 examines transmission electron 
micrographs of the recipe, both conclusively showing that ionic conductivity is 
nano-scale structurally dependent.  Finally, the results and future outlooks are 
summarized in Chapter 8.  
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Chapter 2. Polymer Electrolytic Batteries 
 In the past few decades, strives towards both greener technologies and higher 
quality materials have been taken, particularly in the battery industry[4].  Most 
commercially available batteries today are lithium-ion based, where the charge 
carrier is a lithium salt solvated in an organic solvent or solid polymer matrix, or 
both.  The advantages to using lithium charge carriers over the traditional nickel-
cadmium and other systems are the lower self-discharge rate, which is a 
permanent loss in capacity, lower weight density, and the ability to transfer the 
same amount of charge with a lower current.  A typical electrolytic battery 
schematic is depicted in Figure 2.1. 
 
Figure 2.1: Schematic of a commonly used electrolytic battery [5]. 
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 Another significant advantage to solid polymer batteries is their lack of 
leakage; metal salts, usually Li-salts, can be solvated in a polymer matrix without 
the need for a liquid, eliminating the requirement for a rigid casing around the 
electrode itself.  Thin flexible films can be created moldable into any shape, and 
this versatility lowers processing costs and expands device freedom. 
 There are a few drawbacks to using the lithium-ion systems, specifically the 
environmental friendliness of the batteries.  Lithium-ion batteries vary based on 
their state of charge (SOC) from about 4.2V when fully charged, to 2.7V when 
discharged.  The lithium cells must be removed from an external load when the 
voltage drops to 3.0V, or the battery will no longer be fully functional.  
Reversely, there is a danger when the lithium cells are overcharged beyond their 
capacity; the failure mechanism for this is usually fire or an explosion.  
Consequently, the casings covering the lithium-ion battery films as a whole are 
rigid metallic structures to lower the hazardousness of a SOC failure, and the 
usage for these cells are limited to low pressure and close to room temperature 
applications. 
 Lithium-ion polymer batteries have been increasingly researched over the 
past decade in response to these potential hazards, and for potential production 
of cells with both a higher life cycle and at a lower cost.  The primary difference 
between lithium-ion batteries and polymer batteries is that the lithium salt 
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charge carriers are held in a solid polymer composite matrix, often polyethylene 
oxide (PEO) or polyacrylonitrile (PAN). 
 There has also been research on other ion-based batteries, such as sodium, 
magnesium and zinc, but these systems have not been extensively studied.   
These alternative ions do not possess the electrochemical reduction potential that 
lithium ions do; however, they are not as limited in their uses per safety reasons 
as lithium.  Sodium for instance has a reduction potential of -2.714V[6]; with the 
appropriate electropositive material, a battery implementing this system could 
have a voltage of over 2V [7]. 
 
2.1  Lithium Based Systems 
 Lithium based ions are by far the most researched charge carrier for 
electrolytic applications; the main reasons for this are its low weight and its 
reduction potential of -3.045V, the highest of all the metals on the periodic 
table[6].  Most of the early work in the 1980s ignored the membrane 
development and focused solely on investigating different electrode chemistries.  
The purpose of this research was to find electrodes that had high reduction 
potentials, reacted reversibly with the lithium charge carriers for low losses, and 
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did not create dendritic growth of the lithium at the electrode surface, which 
would jeopardize the membrane’s integrity at the interface. 
 In the 1980’s, lithium-based rechargeable batteries were referred to as 
“rocking chair batteries”, or RCBs[3].  The main mechanism for degradation was 
attributed to the lithium charge carriers bonding to the electrodes in a needle-like 
formation [8, 9], becoming permanently stuck, reducing the overall charge 
capacity.  It wasn’t until the early 1990’s when complexes such as monoclinic 
V2O5 compounds mixed with metals such as Fe, M, NA, K, and Ag, were 
successfully created with low capacity losses below .01% per cycle, that it was 
realized the solid-state batteries systems were more complex than initially 
anticipated [10, 11].  Most investigations had used liquid electrochemical cells 
with organic solvents, such as polypropylene carbonate and 1,2-
dimethoxyethane [12, 13], with lithium salts of high reduction potential 
dissolved, rather than implementing an actual potential membrane. 
 Using electron microscopy techniques, Arakawa et al. [9] found in 1994 that 
higher charge-discharge current densities led to a significantly lower needle-like 
lithium agglomeration at the electrode surface, which would not only 
significantly reduce the capacity loss per cycle, but also allow for a wider range 
of applications for the polymer batteries.  Reversely, lower charge-discharge 
current densities lead to longer performances within the membrane [14]; with 
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lower electromechanical forces there is less strain on the structure of the 
membrane itself.  This strain directly leads to plastic deformation and open 
pathways for the charge carriers to leak, which leads to a non-homogeneously 
coated electrode surface.  The agglomerations formed from selective pathways 
lead to needle-like formations and dendrites, destroying the cycle ability of the 
cell.  Since the mid 90’s, most of the work on lithium-salt systems implement 
electrochemical impedance methods on complete battery cells and a large 
portion of the research focus has switched over to the charge carriers and 
membrane interactions. 
2.2  Polymer Electrolyte Membranes 
 The most critical part of the polymer battery systems is their membranes.  
These membranes must have high ionic conductivity to allow the charged ions to 
pass through and have good mechanical stability so the ions are kept on their 
respective sides, or low charge leakage, when the battery is in an open circuit 
after numerous cycles.  The two most implemented methods are tailoring the 
membrane thickness; the thinner the membrane material, the better the ionic 
conduction, high energy and power density.  However, the direct consequence of 
this is thinner membranes have lower mechanical stability, which will lead to 
higher leakage and less recharges.  Another direct consequence of using thin 
10 
 
 
membrane layers is the uniformity of the film; current technologies are based on 
a thickness of about 1 mil, or 25.4 μm[15].  As the thickness is reduced, it is more 
difficult to control variations in thickness and keep the morphology of the films 
consistent across the surface.  Thickness inconsistencies and membrane-electrode 
interfacial defects directly lead to power capacity losses.  Therefore, the design 
engineer implementing this strategy must choose between the qualities of each 
charge versus the number of charges. 
 Current polymer battery membranes are typically made of highly crosslinked 
polymer gels and often an inorganic solvent which occupy a large volume 
fraction of the membrane, or a lower volume fraction of solid high molecular 
weight polymer matrix that naturally acts as a solvent for the ionic charge 
carriers[16].  Since the polymers used as the membrane, usually PEO, 
poly(methyl methacrylate) (PMMA), poly(vinylidene fluoride) (PVdF) or PAN[4, 
17, 18], are inherently softer materials, the matrix must be highly crosslinked, 
blended physically or chemically with a stronger polymer, or increased in 
volume percent with respect to the non-conducting support polymer for longer 
mechanical stability.  The consequence is that the membrane suffers with its ionic 
conduction, as the connection path through the membrane is random and open 
tunnels can easily be created as the soft matrix deforms while the ions pass 
through.  The schematic of most polymer-based batteries is shown in Figure 2.2. 
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Figure 2.2: Schematic diagram of basic construction of polymer-based 
batteries[4]. 
2.2.1 Obstacles in Polymer Battery Membranes 
 Alongside the engineering struggles of the membrane, the ionic conduction of 
different mixtures has been an intense focus of study for many years.  The basic 
concept of polymer batteries is that a charge carrier is solvated in a matrix, where 
the ion can travel from anode to cathode.  The limitations with this system are 
mainly the ionic conduction in the medium; these dilemmas are related to high 
viscosity and mobility of the ions in the medium.  Ionic liquids have recently 
been explored for potential increase in ionic conductivity, which results in a 
higher cell current. 
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 The ionic salt or liquid when added to the polymer matrix inherently acts as a 
plasticizer, aiding the ions to squeeze through the polymer mesh and increasing 
the ionic conductivity.  However, it is difficult to control the highest flow 
pathways of the ions and this plasticizing effect can result in both open pathways 
between the cathode and anode, and dendritic formation of the charge carrier 
within the matrix.  Raw materials with inherently superior mechanical 
properties, such as PMMA or PVC can become too soft when plasticized for 
battery applications with high life cycles [18-20].  Therefore, the biggest obstacle 
is finding a composite that can both exhibit high ionic conductivity while at the 
same time being able to keep its micro or nanostructure intact after numerous 
charge cycles. 
2.2.2 Current Technologies 
 The first polymer electrolyte batteries were solid-state PEO-lithium salt 
batteries; since then, a large portion of industry has been producing polymer gel 
electrolytes.  While the ionic conductivity of the solid state polymer composites is 
better than their gel counterparts, consistently achieving 10-3 S∙cm-1, the ease of 
processing of gels and ability to increase ionic conductivity through 
incorporation of solvents have made them a formidable alternative.  Most 
methods, particular in industry where ease and cost are just as important as 
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quality, are limited to solvent casting [4].  In the past decade, most research in the 
polymer battery field has been focused on studying the following: incorporating 
different copolymers for mechanical stability while keeping the well-known 
homopolymer’ high ionic conductivity; incorporating ionic liquid into solid state 
polymer matrices to intrinsically increase the ion mobility while maintaining a 
mechanically strong membrane; using methods like electrospinning to create a 
long-range structure in the membrane; and doping the system with ceramic 
fillers. 
2.3  Materials Investigated for Polymer Batteries 
 Early research on rechargeable solid state polymer electrolytes began in 1975-
85 mostly with PEO, PVC (polyvinylchloride), and PMMA coupled with lithium 
and sodium ions [2, 4, 21].  More recently, research has highly centralized around 
a stockpile of lithium salts and lithium-based ionic liquids in a PEO, PAN and 
PVdF matrix [4, 17, 18], which have proven to provide very high ionic 
conductivity at room temperature.  While there are thousands of different 
systems studied, the ionic conduction mechanisms have not been adequately 
diagnosed, but rather inferred with numerous indirect observations.  The most 
understood system involves PEO; however, the cationic transport number is 
usually less than .3, which means over two thirds of the system is not even 
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attempted by most groups to be understood.  As the electrolyte system is by far 
the most underdeveloped component in polymer batteries, particularly in the 
past decade, investigations have focused on quantitatively and qualitatively 
understanding the ionic conduction mechanisms without using deduction. 
2.3.1 Ionic Conduction 
 There has been an abundance of indirect evidence for the mechanisms for  
ionic conduction, most of which revolves around the understanding of Li in PEO, 
the longest and most studied electrolyte system.  Ionic conduction occurs easier 
in the free volume spaces of polymers, or in the non-crystalline regions; it can be 
assumed from this that smaller cations, like lithium, conduct more easily in solid 
state membranes, which is indeed the case [22].  Cation conduction is understood 
to be enabled by segmental motion of the polymer chain; more rigid networks 
result in a lower cationic transport number [23], and polymer backbone chains 
with higher dielectric capacity can create a higher salt separation, decreasing the 
segmental motion required.  Figure 2.3 depicts the diffusion mechanism of Li+ 
ions in a PEO matrix.  Wintersgill et al. [22] subjected a PEO-based membrane to 
different audio frequencies at varying temperatures to determine the relaxation 
behavior of the polymer.  It was found that there were no lithium ions imbedded 
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in the non-amorphous regions of the polymer, and that the relaxation behavior of 
the polymer depended on both anion and cation. 
 
Figure 2.3: Schematic of the segmental motion assisted diffusion of Li+ in a PEO 
matrix.  The circles represent oxygens in the backbone of PEO [16]. 
 A PVdF-HFP membrane was synthesized and characterized using a complex 
impedance technique and pulsed gradient spin echo nuclear magnetic resonance 
(NMR) by Saito et al. [24, 25] to study the diffusion of Li in a polymer gel 
electrolyte.  The membranes were synthesized with 6 different non-solvents, 
named in Table 2.1, to tailor solvent uptake, pore size and swelling.  The films 
were then evaporated and immersed in a 1M solution of LiN(CF3SO2)2and the 
morphologies were examined using SEM.  The membranes synthesized using 
cyclohexanol and toluene showed a porous structure, while the pentane and 
hexane membranes appeared to have a denser structure without cavities.  It was 
assumed by the author that the membranes with higher solvent uptake did so by 
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cavity formation.  Except for cyclohexanol and toluene, there were two values for 
diffusion coefficients; the fast value is attributed to the solvent migration, and the 
slow to the diffusion of the ions in the swollen polymer.  The conductivity data is 
graphed in Figure 2.4; comparing Table 2.1 to Figure 2.4 it is suggestive that the 
conductivity of the gel electrolyte is most dependent on the diffusion of the 
lithium in the swollen polymer.  Cavity formations within the gel network do not 
significantly contribute to the overall conductivity of the electrolyte even if the 
diffusion coefficient is two orders of magnitude higher than the polymer 
diffusion coefficient. 
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Figure 2.4: Conductivity versus temperature of the gel electrolytes using different 
immiscible solvents [25]. 
Table 2.1:Solution fraction and diffusion coefficients of the gel electrolytes 
prepared with different immiscible solvents[24] 
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2.3.2 Copolymer Systems 
 Copolymers have widely been studied in lithium electrode systems, 
particularly in the last decade.  The most popular uses for incorporating 
multifunctional backbones is to modify the mechanical properties and intended 
physical interactions between the polymer and cation.  Polymers with more 
modest mechanical properties can aide to lower the glass transition, allowing the 
polymer to participate in diffusion-based segmental motion more easily.  Also, 
polymers with different Lewis acid-base behaviors can be incorporated to lower 
the required segmental motion for physical bonding between the cations and 
anions, such as PVdF-HFP.  Perhaps the most interesting way copolymers have 
been used recently is to characterize indirectly further the conduction behavior of 
lithium using volume separation via immiscibility between the copolymers. 
 
2.3.2.1  Glass Transition Dialing via Random Copolymers 
 Random copolymers synthesized by Chen et al. [26] from ionic liquid-based 
mers and non-ionic components were characterized using NMR to confirm 
composition, DSC to determine the glass transition temperature, and EIS to 
measure the conductivities.  Figure 2.5 plots the conductivity dependence of 
glass transition temperature and TFSI molarity content of poly(1-[2-
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methacryloyloxy) ethyl]-3-butylimidazolium-bis(trifluromethanesulfonyl) 
imide-co-MEBIm-tetrafluoroborate), or PMEBIm-TFSI-co-MEBIm-BF4.  With 
this mixture, the copolymer composition is not changing; however, the ratio of 
anions connected to the copolymer is changing from BF4 to TFSI.  The 
conductivity of MEBIm-BF4 is 4.5x10-3 S∙cm-1 and 1.9x10-3 S∙cm-1 for MEBIm-TFSI 
at 30°C [27]; as the higher conducting phase is decreased, the conductivity is 
increased.  The authors propose that the appreciably lowered glass transition 
temperature escalating the ion mobility far surpasses the intrinsic properties of 
the basic components of the copolymer. 
 
Figure 2.5: Composition and glass transition dependence of ionic conductivity 
for PMEBIm-TFSI-co-MEBIm-BF4.  Lines correspond to calculated trend lines[26]. 
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 The conductivity of poly(hexyl methacrylate-co-MEBImBF4), or PHMA-co-
MEBIm-BF4, is graphed in Figure 2.6, versus both temperature and glass 
transition, and the non-ionic HMA molarity.  The conductivity of MEBIm-BF4 
was measured 4.5x10-3 S∙cm-1 at room temperature; the orders of magnitude 
mismatch is attributed to the lowered mobility of the ions via polymerization.  
There is a significant discontinuity in conduction between 50% and 60% molarity 
of the HMA, and there are two factors contributing to this.  Firstly, the 
decreasing glass transition increases the mobility, or decreases the viscosity, for 
the ions to conduct as noted in the previous example; however, this should not 
account for such a large discontinuity.  The most probable primary mechanism 
for this is a nano-domain phase separation in the matrix that changes structure 
with the different compositions.  The authors performed x-ray scattering and 
found broad peaks for the PHMA-co-MEBIm-BF4 at q = .8 to 3 nm-1, but no 
further investigations were reported on the unintended structure dependence of 
the ionic conductivity. 
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Figure 2.6: Temperature a) and composition and glass transition dependence b) 
of ionic conductivity for PHMA-co-MEBIm-BF4. Lines correspond to calculated 
trend lines [26]. 
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2.3.2.2  Volume Separation via Block Copolymers 
 More recently, block copolymers with controlled block patterns and sizes 
have been used to create volume separations within a two-phase matrix to 
characterize the conductivity behavior dependence on nano-size structures.  One 
such system comprised of PEO, polystyrene (PS), and LiTSFI has been 
meticulously characterized by Nitash Balsara’s group at Berkeley.   Their goal 
was to determine if there is a directional and length dependence on the assumed 
ionic conduction pathway, depicted in Figure 2.7b,c.  Conductivities of LiTSFI at 
varying molar ratios of EO in PEO were measured to determine the most 
efficient ratio for the highest conductivity. 
 
Figure 2.7: Ionic conductivity versus salt content ranging from r = .02 to 1 of 
Diblock SEO 36000 Mw PS-25000 Mw PEO a), and schematic of lamellar phase in 
plane a) and through plane c) [28]. 
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Figure 2.8: Ionic conductivity of SEO Li salt mixtures with r = .02 versus Mw PEO 
a) and relative to maximum ionic conductivity versus Mw PEO at selected 
temperatures [28]. 
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 Figure 2.7a shows the conductivity versus molar ratio of Li:EO, denoted as r; 
as the ratio increases, the conductivity increases until the system begins to 
become oversaturated.  This can be compared to a highway with too many cars; 
when there are too many cars on a highway they cannot move quickly because 
there is not enough separation space between the cars.  Instead, the maximum 
flow rate is well below the maximum loading with a near-maximum speed for 
each car. 
 
Figure 2.9: EFTEM Li maps of various unstained SEO copolymers r = .085 with 
Mw x1000 PS-Mw x1000 PEO; a) 16-16, b) 40-31, c) 40-54, d) 74-98 [29]. 
 Next, the effect of PEO molecular weight was studied with r = .02.  The 
conductivity trend of Mw PEO versus ionic conductivity is graphed in Figure 
2.8a; as the molecular weight increased, the conductivity increased.  Contrary to 
homopolymer-salt mixtures studied in the past 3 decades, there was no plateau 
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in conductivity observed as the molecular weights increased.  The PEO-PS, 
denoted as SEO, copolymer arranged itself into a randomly oriented lamellae 
structure; assuming that the through-plane ionic conductivity is orders of 
magnitude less than in-plane per Figure 2.7b+c, the theoritical ionic conductivity 
for the bulk material should be two thirds the intrinsic PEO-LiTSFI conductivity.  
This is a reasonable assumption since PS is non-conductive, and the percolation 
of ions between the two directions is significantly different. Figure 2.8b shows 
the normalized conductivity values versus the maximum theoretical value.  The 
authors suggest that this unfamiliar trend is due to the high alignment of the 
polymer chains consequential from the diblock copolymer phase separated 
nature.  Higher molecular weights of PEO lead to more rigid surface areas for the 
lithium ions to physically attach to, as the entire chain would need to coil and 
relax for the segmental motion attributed to ionic diffusion.  This decrease in 
segmental motion allows the lithium ions to be less bound to the matrix and flow 
more easily through the matrix. 
 SEO diblock copolymers were next synthesized at various block molecular 
weights with polydispersities of less than 1.2.  Energy-filtered transmission 
electron microscopy (EFTEM) was used to determine the location of the Li ions 
within the SEO matrix; micrographs are shown for four such diblock copolymers 
in Figure 2.9.  The molar ratio of Li to EO for these mixtures is 0.085:1.  EFTEM 
26 
 
 
was run also for F and O atom concentrations, and it was determined that the 
lithium ions heavily segregated to the center of the PEO domains. 
 Most recently, SEO-LiTSFI mixtures were analyzed using small angle x-ray 
scattering (SAXS) to distinguish more complex structures, which was coupled 
with complex impedance techniques to measure the conductivity for the 
samples.  Each recipe was sandwiched between a custom holder, and the 
samples were annealed at each temperature measured for 20 minutes for the 
system to arrange thermodynamically into its most stable state.  SAXS was 
performed to see if there was a gyroid, lamellae, hexagonally packed cylindric, or 
non-ordered structure within the SEO matrix. 
 One such recipe of PS 3100 Mw-PEO 5100 Mw, with r = .05, is displayed in 
Figure 2.10.  At higher temperatures above 92°C, the SAXS spectrum is 
characteristic to a gyroid structure; at temperatures below 59°C the system 
relaxes into a lamella structure.  However, observing the graph of conductivity 
versus temperature, the only trend observed is the normal Arrhenius behavior.  
Both order-order transitions and order-disorder transitions were observed and 
the same non-discontinuous behavior was seen in the Arrhenius conductivity 
plots.  The authors concluded that the order-order and order-disorder transitions 
had no effect on the conductivities regarding the SEO samples they tested, which 
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was in contrast to related previous studies on structure dependent 
conductivity[30]. 
 
Figure 2.10: SAXS profile of PS Mw 3100-PEO Mw 5100 r = .05.  Arrows mark 
higher order peaks at 2q* and 3q* at 59°C; closed inverted triangles mark higher 
order peaks at (4/3)1/2q* and (7/3)1/2q*, indicating a gyroid structure at 137°C a).  
Conductivity plot versus temperature of the same mixture b) [30]. 
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2.3.3 Ceramic Fillers 
 It has been observed through countless studies that the abundant free volume 
in polymers, particularly in an amorphous or crosslinked state, allows for 
Lithium ions to flow with the least resistance through a polymer matrix.  High 
Mw PEO, the most commonly studied polymer for this application, has a 
crystallization temperature of around 60°C, which is well above expected 
operating temperature for polymer batteries.  A goal in recent years is to create a 
polymer electrolyte that has a conductivity of better than 10-3S∙cm-1 at 30°C with 
long-term cyclability.  A common method for increasing the softness, and 
therefore ionic conduction, of polymer membranes is compounding liquid 
plasticizers in the polymer matrix, which has the negative side effect of 
compromising the overall mechanical properties of the structure, and increases 
the reactivity of the charge carriers with the electrodes [31, 32]. 
 In 1998 Croce et al. [31] was one of the first groups to use successfully a solid 
plasticizer to increase the conductivity of PEO membranes to appreciable 
numbers at low temperatures.  An immediate advantage to using solid 
plasticizers is that the mechanical properties of the matrix are not compromised 
allowing for good cyclability properties, and there are no liquids in the 
membrane that might leak, requiring a special casing around the membrane and 
29 
 
 
electrodes.  Al2O3 and TiO2 nanoparticles 5.8-13nm were synthesized and mixed 
at a 10% weight loading with a 1:8 molar ratio of LiClO4 and PEO in acetonitrile 
and cast between two glass plates.  The membranes were then heated and cooled 
twice while taking conductivity measurements about every 10°C from 20°C to 
110°C. 
 
Figure 2.11: Arrhenius plots of the conductivity of PEO-LiClO4 and of 
nanocomposite PEO-LIClO4 with 10%wt TiO2 and of PEO-LiClO4 10%wt Al2O3 
Polymer electrolytes[31]. 
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 Figure 2.11 shows an Arrhenius plot of the results of these tests on three 
membranes; PEO-Li salt without nanoparticles and with each TiO2 and Al2O3.  It 
is clear that there is a significant effect from PEO’s crystal melting on the ionic 
conductivity.  This same trend of discontinuity is observed less drastically on the 
first heating scan of the Al2O3; however, after the membrane is heated to above 
80°C, this crystallization effect disappears.   This same non-phase dependent 
trend is shown also for the TiO2 loaded membranes.  The authors reasonably 
conclude that there are two mechanisms behind this phenomena; first that the 
recrystallization kinetics of the PEO chains are inhibited by the ceramic 
nanoparticles, and secondly there is most likely some sort of cationic 
conductivity enhancement from the morphology of the nanoparticles themselves. 
 Differential scanning calorimetry (DSC) was then performed on these 
membranes and it was confirmed that there were no recrystallization peaks from 
the cooling scan from 110°C.  The Li+ transference number was determined to be 
about 0.6 in the 45-90°C range using two independent methods by Evans et al. 
[33] and Abraham et al. [34], which is significantly higher than most reported 
values of 0.25-0.30.  The mechanism proposed by the authors is that the ceramic 
nanoparticles act as a Lewis acid surface that causes complexes with the base-like 
oxygen on the PEO backbone, causing the ceramic particle to act similar to a 
crosslinking site.  The acidic-like surface also competes with the acid-like Li+ ions, 
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which allows for the Li+ ions to flow through the matrix becoming more loosely 
temporarily bound to the oxygen in the PEO chains. 
 Shortly thereafter, the same group published more kinetic observations on the 
system; it was noticed that although crystallization was inhibited by the ceramic 
nanoparticles, during storage exceeding 2 weeks some crystallization occurred 
and reduced the conductivity.  However, relative to other works the low 
temperature conductivity was much higher after prolonged periods of time, 
shown in Figure 2.12.  These preliminary results show that ceramic additives 
have great potential to increasing the performance of batteries, but a significantly 
more amount of research is required to investigate properly the conductivity and 
relaxation mechanisms to construct a long-term stable system. 
 
Figure 2.12: Conductivity of nanocomposite 8:1 PEO LiClO4 10%wt TiO2 polymer 
electrolyte stored at 31°C [32]. 
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2.3.4 Ionic liquids in Polymers Investigated 
 Ionic liquids have been an attractive research focus for alternatives to 
solid-state fuel cells, organic solvent-ion solutions, and polymeric-ion systems, 
largely because of their low volatility, ease of use for processing and for being 
functionalized low-viscosity electrolytes.  Nafion-ionic liquid composite 
membranes have shown to be good proton conductors in humid and elevated 
temperature environments, exhibit well defined micro-scale phase separated 
morphology with ionic liquids, and have relatively good mechanical strength[35-
37].  When Nafion is exposed to polar solvents, the membrane swells and its 
ionic conductivity is greatly enhanced; however, at higher temperatures an acid 
exchange can occur between the solvent and the membrane, decreasing the 
conductivity. 
Ionic liquids, 1-butyl 3-methyl imidazoliumtriflate (BMITf) and BMI 
tetrafluoroborate (BMIBF4) were synthesized and impregnated in perfluorinated 
ionomer membranes, Nafion and EW Dow, for elevated temperature charge 
transference studies by Doyle et al. in 2000 [37].  The first systems studied were 
Nafion N118 membranes impregnated with BMITf and BMIBF4.  Each sample 
was immersed in ionic liquid for 2 hours at 60°C and then heated and cooled in a 
vacuumed, dry, nitrogen glove box for 4-point electrochemical impedance 
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spectroscopy measurements.  The conductivity data points were taken at the 0° 
phase lag A/C frequency between 10Hz and 100 kHz, where the material acts 
most like a pure resistor. 
 
Figure 2.13: Ionic conductivity vs. temperature for perfluorinated ionomer 
membrane-ionic liquid composites based on BMITf and BMIBF4imbibedinto 
Nafion 117-H+and Li+ form membranes[37]. 
 Figure 2.13 shows the conductivity for these samples; the hysteresis in the 
conductivity measurements for the BMIBF4 swollen membranes is suggested to 
be tetrafluoroboric acid formation during the heating cycle. The second set of 
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data was focused on the BMITf-Nafion composites, and the membranes were 
imbibed for differing times at temperatures according to Table 2.2.  Comparing 
Table 2.2 to Figure 2.14, it is clear that Nafion with these particular ionic liquids 
exhibits higher conductivity with higher solvent absorptions and membrane 
swelling. 
 
Figure 2.14: Ionic conductivity vs. temperature for perfluorinated ionomer 
membrane-ionic liquid composites based on BMITf and BMIBF4 imbibed into 
Nafion 117-H+ and Li+ form membranes[37]. 
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Table 2.2: Solvent uptake and activation energies for ionic conduction of 
perfluorinated ionomer membranes after heat treatment at various 
temperatures [37]. 
 
 Figure 2.14 also shows that the imbibed membrane is significantly more 
conductive than either virgin material; the EW Nafion 890 imbibed with BMITf is 
four times more conductive than just BMITf.  Using the solvent uptake percent 
and converting it to molarity, there are about 3.7 molecules of BMITf for every 
sulfonic acid site in the membrane.  This strongly suggests that the Nafion and 
Dow membranes also contribute with significant H+ ion conduction, and that the 
mobility rate is roughly 16 times that of the comparatively bulky Li+ ions. 
 More recently, Kumar and Hashmi in 2010 performed some work on sodium 
based ionic liquids in polymer matrices for rechargable battery cell 
applications[7].  Poly (vinylidinefluoride-co-hexafluoropropyline) 400k Mw 
(PVdF-HFP), serving as the polymer matrix, was mixed with an ionic liquid, 1-
ethyl 3-methyl imidazolium trifluoromethanesulronate (EMITf).  The mixture 
was mixed with ethanol and solution casted into coin-like electrodes 1.8mm in 
diameter and 400-500μm thick.  The highest ratio of EMITf to PVdF-HFP was 
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also mixed with sodium triflate to further increase the charge carrier 
concentration.  X-ray diffraction (XRD) and infra-red spectroscopy (FTIR) was 
used on the polymer before and after mixture, and the techniques showed that 
the polymer and ionic liquid mixed on the molecular scale, rather than on a 
microscopic scale. 
Table 2.3: Electrical conductivity of ionic liquid, ionic liquid/polymer 
blends and gel polymer [7]. 
 
 As the ratio of EMITf to PVdF-HFP increased, the two-theta peaks from 
polymer crystal formation dissolved in the amorphous noise of the XRD plot, 
and the FTIR peaks intrinsic to the trans-gauche chain formation disappeared.  
Electrochemical measurements were performed using a 2-point probe method 
from 1Hz to 100kHz, and the conductivities calculated at room temperature are 
shown in Table 2.3.  There is a significant decrease in conductivities at higher 
polymer loadings, which further suggests there is mixing on the molecular level. 
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Figure 2.15:a) dc polarization curve at the applied voltage of 15mV and b) ac 
impedance plot before polarization of cell [7]. 
 Cyclic voltammograms of the EMITf-PVdF-HFP and EMITf-NaTf-PVdF-HFP 
electrodes were collected and shown in Figure 2.16 to confirm sodium ion 
conduction.  The collection was done at room temperature, and at a speed of 5 
mV∙s-1.  The working voltage for the NaTf cell is shown to be about -2.5 mV to 2.5 
mV, which is more than adequate for polymer battery applications.  The total 
ionic transport, or transference, number of the sodium ions in the gel polymer 
was calculated using a DC offset voltage and Equation 2.1, as proposed by 
Watanabe et al in 1988 [38].  Re is the electrode-electrolyte interfacial resistance, 
Rb is the bulk resistance, is is the saturation current, and V is the applied voltage. 
       
  
  
  
-   
 (2.1) 
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 Figure 2.15 shows the dc polarization curve and the ac impedance plot of the 
NaTf polymer gel.  Using the bulk electrode and surface resistances of the 
electrolyte-stainless steel electrode surface and equation 2.1, the value of tNa+ was 
evaluated to be 0.23 at room temperature.  This signifies there are significant 
contributions of other ions in the system to the conductivity measurements, such 
as triflate anions and imidazolium cations.  The ultimate goal for a more enticing 
battery application is to have a sodium ion—ionic liquid–polymer matrix system 
with a higher cationic transport number. 
 
Figure 2.16: - Cyclic voltammograms of cell I - gel electrode and cell II - Na gel 
electrode, for various cycles[7]. 
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2.5  Restrictions in Current Techniques 
 While ionic conductivity in countless electrolytic systems have been studied 
and characterized, there remain significant gaps in understanding the 
fundamentals of ionic conduction.  There are limited ways to create volume 
separations on the nanoscale using electrolytes, which so far have been largely 
been limited to phase separations via block copolymers.  The most noteworthy 
restriction behind the studies so far involved in characterizing ionic conductivity 
is the lack of long-range order, hence quantitative analysis.  Incorporating 
different methods with different length scales with controllable morphologies 
with long-range order to study structural dependence of conductivity is the next 
step in understanding the mechanisms behind ionic conductivity so the next 
generation of superior batteries can be engineered. 
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Chapter 3. Introduction to Hierarchical Nanostructures 
 As design requirements grow more stringent and seemingly impossible to 
meet, nanotechnology has soared in the past three decades, largely due to the 
invention of the scanning tunnel microscope in 1980.  Nanotechnology is 
manipulating atoms and molecules to create structures with scales between 1 
and 100 nm; the most unique exploitation with this field is the quantum 
mechanical behavior of materials when arranged on such a small scale.  Because 
of the increased surface to volume ratio at smaller and smaller scales, the 
physical properties of the materials can be enhanced, which many products 
created from nanotechnology were spawned from. 
 Three of the most influenced industries from nano-developments are 
medicine, memory storage and energy conversion devices.  Medicine has been 
implementing nanotechnology to deliver less drug volume to patients to reduce 
side effects by creating transport vessels that selectively unload at the areas of 
infection or damage.  Also, as most biological elements are complex structural 
composites, much effort has gone into recreating bone and other tissue 
scaffolding by replicating the structural-based mechanics of the biological 
materials. 
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 Memory storage devices have relied heavily on the use of transistors, and as 
the demand for faster, smaller and better chips increases, nanotechnology has 
helped reduce the sizes of these transistors to less than 100nm.  Nanotechnology 
has also developed spintronics, which uses magnetoresistance, or the resistance 
of a magnetic field on one electron because of its spin direction, which will most 
likely soon be incorporated into computer technologies for temporary storage 
devices, such as RAM.  Electro-optical methods have also been developed, the 
most promising being holographic storage devices, which current technology 
allows for over 300GB to be permanently stored on a DVD sized disc. 
 Energy storage and conversion devices have been continuously enhanced as 
nanotechnology develops, most notably with the advances in solar cells.  
Nanotechnology has not only made possible solar cell fabrication, but also 
increased the device efficiencies from under 10% in the mid-1970s, to small-scale 
production cells having over 40% today, and industrial large-scale production 
multijunction cells with approximately 35% efficiencies.  Overall, 
nanotechnology has made significant contributions to nearly every industry 
across the globe. 
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3.1  Photonic Crystals 
 
Figure 3.1: A schematic of a one (bottom left), two (bottom right) and three (top) 
dimensional photonic crystal; the red and yellow represent a high and low 
dielectric material [39]. 
 Photonic crystals are periodic dielectric materials that interfere with 
propagation of electromagnetic waves of a certain wavelength within the visible 
spectrum that depends on the length scale of the periodicity[40].  Photonic 
crystals can be used as reflectors, where the propagation of a wavelength is 
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forbidden, or as a waveguide or light trapper.  A photonic crystal that rejects a 
certain wavelength of light is analogous to an electron energy band-gap, where 
all electrons but within the band-gap can be transported or pass through the 
material.  The refractive index mismatch in these materials causes a coherent 
scattering of light, causing the photonic crystal to look shiny with a color 
according to the band-gap.  Photonic materials fall in three categories; one, two 
and three-dimensional.  Respective to directionality, only a three-dimensional 
photonic crystal is said to have a full optical band-gap.  Figure 3.1 shows a 
schematic of the three types of photonic crystals, where the red and yellow 
blocks represent a high and a low dielectric material. 
 The structure of peacock feathers was first linked with the diffraction of light 
in the 1700s by Newton; however, the theory was never fully understood at that 
time.  A one-dimensional photonic crystal was first characterized by Lord 
Rayleigh in 1887, and not until 1987 and 1991 were two and three-dimensional 
photonic crystals discovered by John and Yablonovitch.  Photonic crystals, 
particularly one-dimensional, appear quite often in nature and are called 
structural color.  One such example is the Morpho butterfly, shown in Figure 3.2. 
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Figure 3.2: Picture of a Morpho butterfly [41] and its scales [42] whose periodic 
structure causes an iridescent blue color. 
3.1.1 Theory 
 This light scattering phenomena of photonic crystals is understood by the 
Maxwell equations (Equation 3.1), which is analogous to Schrodinger’s equation.  
Using a solution (Equation 3.2) derived from Faraday and Ampere’s law for a 
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fixed frequency, where  is a periodic envelope function the theorem can 
move to k-space using the Bloch theorem. 
   (3.1) 
   (3.2) 
 The photonic band-gap is the solution to Equation 3.2 where k=0, while the 
frequency is within the visible range.  In contrast to the electron analogy, most 
photonic crystals do not have a diffraction efficiency of 100%; diffraction 
efficiency (DE) is the percentage of light exposed to the crystal that coherently 
scatters, appearing to reflect back.  Two causes of this deficiency are firstly, the 
refractive index mismatch might not be large enough to cause a large scattering 
intensity, and secondly, the periodicity of the photonic crystal on a long-range 
order length scale might be compromised from an accumulation of defects. 
3.2  Nanofabrication Techniques 
 There are two ways to categorize nanofabrication: top down and bottom up 
approaches.  Top down techniques usually involve starting with a bulk material 
and carving out material to create a sculpture in the desired structure, or by 
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implementing energy techniques to force materials to move to certain areas.  
Bottom up techniques revolve around a material’s functionality or bonding 
behavior and manipulating the environment, temperature or solvation for 
instance, to make certain recipes of material to arrange naturally themselves into 
the desired structures.  Table 3.1 lists many of the different top-down and 
bottom-up nanofabrication techniques used in various scientific fields. 
 Bottom-up approaches generally rely on inherent properties within the 
system based on material choice; the driving force for the assembly and 
arrangement methods are directly related to Gibbs free energy.  The desired 
structure can be initiated, manipulated and tuned by system parameters such as 
temperature, pressure, pH, concentration, and material selection.  The 
advantages to bottom-up techniques are that the synthesis is usually a simple 
mix-and-go procedure, and structures on the order of 10-100 nm can consistently 
be achieved.    Bottom-up approaches are limited however, in that they do not 
contain long-range order, and inherently possess defects and shape variances 
from the difference in potential energies of the self-assembling materials. 
 Most top-down approaches require a homogeneous substrate and bulk 
material, and some sort of mask or filter to control where the writing in the 
material occurs.  UV photolithography for example, can create patterns less than 
100nm in dimension, but require phase shift masks and liquid immersions to 
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focus and control where the beam is exposed on the sample.  On the other hand, 
scanning probe lithography, or dip-pen nanolithography, does not require a 
mask and is capable of manipulating locations of individual atoms to create sub-
100 nm structures.  This method faces a different obstacle of time and cost, as the 
writing must be done like a hand-written pen drawing versus a printer. 
Table 3.1: A list of nanoscale fabrication techniques organized into top-
down and bottom-up techniques [39]. 
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3.3  Structure 
 With nanofabrication techniques, one of the more difficult obstacles is 
controlling the placement and confinement of the different phases in the 
structure.  The thermodynamics of the nano-system must be understood well as 
physical distortions or molecular mixing may fight against a top-down approach 
once the structure is manipulated, making confinement the greatest concern for 
top-down techniques.  A common simple method of overcoming this is material 
choice; choosing the right materials with appropriate surface interactions can 
enhance the integrity of the structure.  However, with this troubleshooting 
method, there become restrictions in the types of systems that can be developed. 
 Most top-down nano-fabrication techniques, including most lithography 
techniques, used are for one or two-dimensional structures templated on a 
substrate.  Three-dimensional bulk structures can be achieved for conventionally 
two-dimensional methods, layer-by-layer deposition or electrospinning, by 
repeating the process on the same surface until a significant thickness volume is 
achieved; this is often time consuming and unrealistic for a bulk material.  
Bottom-up techniques usually can easily achieve a bulk three-dimensional 
structure; however, the long-range order of these structures often is not existent, 
or minimally repeatable. 
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3.4  Holographic Lithography 
 One convenient and most promising top-down technique that has the 
repeatable and reliable capabilities of creating bulk nano-structures is called Free 
Space Holographic Lithography (HL), or Interference Lithography[40, 43].  The 
material involves prepolymer syrup that contains at least two parts: a photo-
responsive or photo-reactive material, and a photonically inert material.  The 
sample is then exposed to at least two beams of light in order to create an 
interference pattern that occurs within the dimensions of the sample.  For most 
HL setups, coherent beams of the same polarization are required to achieve a 
proper and total interference pattern.  In the areas of high intensity where there 
is a constructive interference, the photo-reactive material will polymerize.  As 
this area is depleted of monomers, entropy of mixing will encourage more 
monomer material to diffuse towards the areas of light intensity from the dark 
regions where they too will polymerize until there is a deficient amount of 
monomers left.  HL has widely been used to create 3D photonic crystals by 
creating a 3D structure and using a solvent to remove one or more of the 
materials, leaving air-solid interfaces [43].  
 Four main variables must be controlled to change the quality, scale, and 
directionality, shown in Table 3..  The number of beams in the HL setup allows 
for higher dimensionality and periodicity directions for patterning in the sample; 
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consequently, the setup becomes exponentially more complicated as more beams 
are added.  For a 2-beam 1D setup, the wavelength of light is directly associated 
to the periodicity of the volume grating with the relationship shown in Equation 
3.3.  Going to longer wavelengths can increase the overall scale of the 
interference patterns, and using different wavelengths can introduce more 
complicated structures. 
 Lamellae periodicity =
 
       
 
 
 
 (3.3) 
Table 3.2: Controlled variables and effects on holographic lithography 
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 The angle of the beams can change the periodicity, also relating to Equation 
3.3, as well as change the orientation of the interference pattern, similar to 
changing the relative wavelengths.  Perhaps the most important indirect effect 
that changing the structure, scale, and power has on the quality of the grating is 
changing the phase separation kinetics and diffusion lengths of the monomers.  If 
the required diffusion lengths of the monomers are too long, then the monomer 
may never reach the areas of the sample where the desired polymerization is to 
take place.  If the forced phase separations are much larger than the natural 
phase separations from the thermodynamics of the system, droplets or 
interconnected segments may appear in the dark regions of intensity because the 
interference pattern does not supply enough driving force for the separation to 
occur.  When working with systems that are either completely immiscible or 
completely miscible, it is imperative to have a perfect interference pattern.  If the 
dark regions are not perfectly dark, and the HL technique fights against 
thermodynamics, even a small amount of light left after deconstructive 
interference can cause significant consequences on the quality of confinement in 
the holographic grating. 
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3.5  Holographic Polymer-Dispersed Photonic Crystals 
 In the past decade, polymer-based photonic crystals have been used to 
functionalize structurally novel materials.  Many research groups in the past five 
years have successfully functionalized different recipes of photopolymerizable 
monomers with liquid crystals using HL, called holographic polymer dispersed 
liquid crystals (HPDLC)[44-49].  Liquid crystals can act as a linear polarizing 
filter and reorient themselves on the molecular level perpendicular to an electric 
field; the refractive index of liquid crystals change relative to a fixed axis when 
the liquid crystals reorient themselves.  A switchable photonic crystal can then be 
created by using HL with a photopolymerizable monomer and liquid crystal by 
matching the refractive index of the liquid crystal in a respective orientation with 
the polymerized polymer.  Figure 3.3 depicts the light behavior interaction with 
the photonic crystal when the refractive indexes match between the two 
materials, and when they are mismatched. 
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Figure 3.3: Simplified model of a switchable HPDLC; in the ON state the liquid 
droplets are randomly oriented (left).  When an applied electric field is applied, 
the droplets orient themselves and linearly polarize light which can be set to 
match the refractive index of the polymerized resin[48]. 
More recently, liquid crystals have been replaced by PEO[50, 51] and PEO block 
copolymers[52].  Liquid crystals inherently form droplets in a confined layer 
during the holographic writing; the purpose of using a polymer was to match the 
Flory-Huggins parameter so that continuous or semi-continuous layers could be 
achieved instead of droplets to increase the diffraction efficiency, successfully 
shown in Figure 3.4. 
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Figure 3.4: TEM micrographs of Norland 65/PEO 4600 Mw (left) showing a semi-
continuous layered structure where the light regions are PEO and the dark is the 
photopolymerizable Norland 65, and Norland 65/Liquid Crystal(BL-38) (right) 
showing droplet formation where the dark regions are the liquid crystals and the 
light regions are Norland 65[50]. 
3.6  Objectives of Dissertation 
 Energy storage and green technologies have been increasingly desired over 
the past couple decades, and will continue to rise as natural resources begin to 
deplete.  Switching the current solvent containing electrolyte membrane batteries 
to solid polymer batteries would be a huge step towards achieving these goals. 
 While many aspects of ionic conductivity have been studied and behaviors 
consistently have been indirectly observed, there remains a fundamental gap in 
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understanding the mass transfer process in ionic conductivity with solid polymer 
matrices.  From reviewing the literature, a main area of dispute is the 
quantitative role nanostructures play in ionic conductivity [26, 28].  The most 
difficult hurdles in studying structural confinement on electrolytes are the role of 
defects in self-assembly, and the lack of long-range order in bottom-up 
nanofabrication methods.  We propose to use the HL technique to disperse a 
polymer-based electrolyte solution to form holographic polymer dispersed 
electrolyte volume gratings, and test in-plane and through-plane ionic 
conductivities. 
 The objective of this dissertation is to determine a Lithium and PEO 
containing electrolyte recipe that can create a model anisotropic system via a top-
down method to study the fundamental ion conductivity behavior of Li+ ions in 
nano-confined environments.  The advantages to this technique are controlled 
long-range order which block copolymers’ phase separations lack, convenient 
periodicity size-tuning by simple optics manipulating during holographic 
writing, and quantitative analysis from controlled morphology directionality.  
The result is a multifunctional photonic crystal capable of sensing and being 
used for an optical device. 
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Chapter 4. Methods and Materials 
4.1  Materials 
 The electrically functional materials chosen were intended to be similar to 
another system established by an outside research group for non-biased 
comparisons.  Balsara’s group in Berkeley has performed considerable structure 
and confinement work on an electrolyte system containing LiTFSI and PEO using 
block copolymers, and the materials for this project emulated this system. 
4.1.1 Photoinitiator and Monomers 
 The polymerizable monomer used was Norland Optical Adhesives 65 
(NOA65), which is commercially available.  The exact components and ratios in 
the crosslinkable monomers are proprietary, but the recipe believed is shown in 
Figure 4.1.  A photoinitiator added at a small mole percent to add 
photosensitivity was Darocure 4265 from CIBA-Geigy Inc., as shown in Figure 
4.2.  Darocure 4265 creates a crosslinking polymerization when exposed to UV 
radiation, and was specifically chosen for its excellent response to irradiation at 
363.8nm from an ION 308c Coherent laser. The refractive index of NOA65 is 1.52 
and of Darocure 4265 is 1.58.  The materials were used as received. 
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Figure 4.1: Chemical structures of molecules molar percents believed to makeup 
NOA65: 27% Isophorone Diisocyanate (a), 27% trimethylolpropane diallyl ether 
(b), 4% benzophenone (c) and 41% trimethylolpropanetris(3-
mercaptopropionate) (d) [39]. 
 
Figure 4.2: Molecules and molar percents believed to make up Darocure 4265: : 
50% 2-hydroxy-2-methyl-1-phenyl-propan-1-one (a) and 50% 2,4,6-
trimethylbenzoyl-diphenyl-phosphineoxide (b)  [39]. 
4.1.2 Homopolymer and Conducting Ions 
 The photo-inert portion of the volume gratings were chosen based on the 
following criterion.  Firstly, the homopolymer must occupy enough of the 
volume fraction of the electrolyte mixture to create a continuous molecular 
matrix for the charge carriers to conduct ionically.  Secondly, the concoction 
needs to be in a liquid form with a viscosity low enough for diffusion of the 
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homopolymer to match the kinetics of the photoinitiator and monomer 
polymerization during irradiation.  Thirdly, the thermodynamics of the 
electrolyte solution and photo-reactive material must allow for a controllable 
lamellae structure.  And lastly, the electrolyte system must be from or directly 
related to currently investigated materials for solid state polymer batteries. 
 The homopolymer chosen was a low molecular weight PEO of 400 g/mole 
which appears as a honey-like substance.  PEO on varying molecular weights has 
been shown to be thermodynamically favorable for creating the desired nano-
structures [51].  The charge carrier chosen was LiTSFI, whose ionic conductivity 
has been studied, specifically with PEO.  The molecular structures of PEO and 
LiTSFI are shown in Figure 4.3.  PEO has been shown to be an excellent solvent 
for LiTSFI, and LiTSFI has conductivities on the order of 10-3 to 10-4 S∙cm-1, 
depending on the temperature and molecular weight of PEO used as the 
matrix[28].  The materials were purchased through Aldrich and used as received. 
 
Figure 4.3: Chemical structures of LiTSFI (a) and PEO (b). 
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4.2  Method for Creating Volume Grating 
 The recipe for the volume gratings was begun by combining the LiTFSI with 
the PEO; the molar ratio of Li in the salt to O in the PEO was 1:19 for the 25% 
weight LiTFSI and 1:9 for the 40% weight LiTFSI.  More recipes were tested but 
did not show promising preliminary results and are not reported in this work.  
The electrolyte solutions were heated to 50°C and stirred for 4 hours to assure a 
homogenous mixture.  The electrolyte was then combined with a mixture of 3% 
Darocure – 97% NOA65 and 20μm glass bead spacers, and mixed with a 
vortexer.  The prepolymer syrup was then clamped between two glass slides to 
assure an even spread between the glass slides. 
 The diffraction gratings were created using a Coherent Ar Ion 308c laser 
outputting 80mW at 363.8nm.  A single beam setup was used to create two 
orientations of the same structure denominated reflection and transmission 
gratings, as depicted in Figure 4.4.  Three drops of Cargille refractive index 
matching fluid was used for contact between the glass slide and prism, and the 
samples were exposed to the beam for 180 seconds.  For the reflection grating, 
the beam passes through the prepolymer syrup and reflects off the glass-air 
interface back into the prism to create the interference pattern. 
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Figure 4.4: Schematic of setup for laser wavefront(a), interference setup for 
reflection gratings(b) and transmission gratings(c) and sample diagram (d). 
 The incident angle of the beam for a reflection grating is the angle between 
the normal to the surface of the prism and the direction of the beam labeled 
prism offset angle in Figure 4.4; the incident angle determines the scale of the 
interference pattern, and consequently the electrolyte volume spacing.  Figure 4.5 
shows the graph of prism angle versus power intensity and periodicity for the 
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reflection setup.  Figure 4.6 shows the intensity profile of reflection grating with a 
18° angle of incidence, where the periodicity is approximately 210nm and is 
parallel to the surface of the glass.  This angle was used for all reflection samples 
because the transmission setup creates a grating with also a 210nm periodicity.  
The photopolymer polymerized in the bright regions, and the monomers 
diffused towards these regions, pushing the inert portion of the mixture into the 
dark regions.  The two different prism setups were used to create a periodic 
structure both perpendicular to the plane of the sample, and parallel to the 
sample, for ease of sample characterization. 
 
Figure 4.5: Graph of prism offset angle versus intensity and periodicity of the 
reflection grating setup[39]. 
62 
 
 
 
Figure 4.6: Intensity profile of a reflection grating with a prism offset angle of 
18°[39]. 
4.3  Characterization 
 Many methods were used to confirm the physical structure of the 
holographic volume gratings; where one technique had limitations and 
weaknesses, other techniques were used to complement to assure the correct 
structure was determined.  Two different Electrochemical Impedance 
Spectroscopy (EIS) setups were used to determine the ionic conductivity of the 
different structures. 
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4.3.1 UV-Visible Transmission Spectroscopy 
 An Ocean Optics Fiber UV-Vis spectroscope in the range of 400-800nm was 
used as the first means to determine the quality and consistency of the films.  Per  
the refractive index mismatches between the photoactive and electrolyte volumes 
on a long-range periodic order, a physical color is seen by a dip in the 
transmission spectra, called the diffraction efficiency (DE).  Per equation 3.3, θ 
was set to 180°, which simplifies the equation to Equation 4.1. 
 Lamellae periodicity =
 
  
 (4.1) 
 Higher diffraction efficiencies can be achieved by higher refractive index 
mismatches, reduced atomic mixing at the phase separation interfaces, or a 
higher quality periodic structure.  Since the volume fractions and refractive index 
mismatches are known, the relative DE between similar samples can be 
attributed changes in structure and more defined phases, or less atomic mixing.  
It is a large area technique, covering approximately 0.25cm2, and cannot 
definitively determine which nano-structure has been formed; however, it is a 
30-second test with no extra preparation for the sample and shows sample 
quality.  Because of laser wavefront fluctuations from various sources and 
possible contaminations on the optics, it is important to check each sample before 
further characterization. 
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4.3.2 Electrochemical Impedance Spectroscopy 
 Electrochemical Impedance Spectroscopy (EIS) was used to characterize the 
ionic conductivity of the volume gratings.  EIS is the most commonly used 
method for this in electrolyte-based conductors.  An A/C frequency was used in 
the range of 0.1Hz to 1MHz, where the amperage was measured versus a 
controlled sinusoidal voltage.  From the voltage versus amperage plots versus 
time, the resistivity, imaginary resistance, and phase lag of the films were 
calculated.  Also, from the Nyquist plot, imaginary resistance versus real 
resistance, the ionic conductivity was calculated using the bulk impedance at a 
zero phase angle resistance. 
4.3.2.1  Bode, Phase and Nyquist plots 
 A solid-state capacitor, diffusion-based capacitor and pure resistor will be 
examined using modeled Bode, phase and Nyquist plots.  Equivalent circuits for 
a solid-state capacitor, diffusion capacitor and resistor are shown in Figure 4.7 in 
brown, red and blue, respectively. 
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Figure 4.7: Equivalent circuits for a solid state capacitor, diffusion-based 
capacitor and a pure resistor.  For the diffusion capacitor, Cdl represents the 
double layer capacitance at the electrode-electrolyte interface, Rs the surface 
resistance and W the Warburg impedance at the electrode-electrolyte interface, 
and Rb the bulk solution resistance. 
 Figure 4.8 shows simplified Bode plot models of a perfect resistor, diffusion-
based capacitor and solid state capacitor in blue, red and brown, respectively; the 
Bode plot in this case is the magnitude of the real and imaginary resistances 
versus frequency.  The resistor will have the same resistance and is frequency 
independent, whereas the capacitor will vary linearly with frequency, increasing 
in resistance as the frequency is decreased.  The diffusion-based capacitor at 
higher frequencies acts as a resistor according to the solution resistance, at mid-
range frequencies a diffusion-based capacitor, and at lower frequencies the 
sample behaves more like a resistor.  This behavior is commonly seen in ionically 
conducting samples.  Figure 4.9 shows a phase plot of phase lag versus 
frequency.  A perfect resistor will have a 0° phase lag, and a solid state capacitor 
will have a 90° phase lag.  The red line corresponds to the same diffusion 
capacitor red line in Figure 4.8.  At higher frequencies the phase lag will be close 
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to 0°, and begin to slope up at mid-range frequencies with a peak close to 90° 
depending on the geometry of the cell and homogeneity of the ionic diffusion 
pathways.  At lower frequencies the limiting step is ionic diffusion and the phase 
lag slopes down close to °0. 
 Nyquist plots are plotted real resistance versus imaginary resistance, or drag 
resistance, in order to determine the impedance of the system.  The Nyquist plot 
shown in Figure 4.10 shows again the same corresponding theoretical samples.  
The resistor is frequency independent with no phase lag, which corresponds to 
all frequency data to overlap a single data point.  Since the phase lag for a 
capacitor is 90°, the solid state capacitor should have a line with a vertical slope 
because the imaginary resistance is the only resistance. 
 
Figure 4.8: Modeled Bode plots of a solid state capacitor (brown) and resistor 
(blue), and a diffusion-based capacitor (red). 
67 
 
 
 
Figure 4.9: Modeled Bode phase plots of a solid state capacitor (brown) and 
resistor (blue), and a diffusion-based capacitor (red). 
 
Figure 4.10: Modeled Nyquist plots of a solid state capacitor (brown) and resistor 
(blue), and a diffusion-based capacitor (red). 
68 
 
 
 The final line in Figure 4.10 is a simplified version of what this work focuses 
on regarding some of the more difficult interpretations using EIS and the 
purpose of this review section.  The red line (reading left to right) begins with a 
slope close to infinity from the capacitive behavior, and begins to curve into a 
semi-circle arc; this semi-circle behavior is often characteristic of Warburg 
impedance, which is diffusion-based.  When the semi-circle reaches the x-axis, 
correlating to no imaginary resistance, the sample is acting like a resistor.  The 
curvature in the plot coincides with the part of the curve from the phase plot that 
are in between 0° to 90° and back to 0°, as well as the curved part of the bode plot 
surrounding the inflection point.  In ionically conductive samples, the material 
has reached a resistive-like behavior at low frequencies when the semi-circle 
intersects the x-axis and the ionic resistance for the sample is taken from this 
intersection point.  Unfortunately, systems are often much more complicated and 
there can be more than one resistor or capacitor behavior in the system.  In these 
HPDE (Holographic Polymer Dispersed Electrolyte) systems there are two sets of 
semi-circles: from the ionic diffusion in the PEO from which the ionic 
conductivity is calculated, and ionic diffusion in the NOA65 matrix.  Since these 
two mechanisms are more than five orders of magnitude, the larger semi-circle 
from the diffusion will often overlap with some of the smaller semi-circle 
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preventing x-axis intersection, and interpolation methods must be implemented 
to determine the ionic conductivity. 
4.3.2.2   Point Probe 
 A 2-point probe system was devised using a Princeton Applied Research 
Parstat 2273 Potentiostat in conjunction with Powersuite® software.  Two leads, 
a working and reference electrodes, were connected to one side of the sample, 
two more leads, the counter and sense electrode, at the other side of the sample, 
and the fifth wire was grounded to a faraday cage encapsulating the sample 
holding equipment.  The electrodes were fabricated from copper nails; the nails 
were polished on the heads where they contacted the sample with 180-grit, 300-
grit and 600-grit sand paper immediately prior to testing.  The area of the 
electrodes was calculated by taking a sample of 10 nail heads, and the coefficient 
of variance (COV), or the standard deviation divided by the mean, was found to 
be less than 5% with each sampling.  This electrode area was used in all 
conductivity calculations. 
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Figure 4.11: Picture of LEGO-clamp setup using a 5-wire potentiostat and using it 
as a 2-point sandwich type probe. 
 A clamp was constructed using LEGOs, as shown in Figure 4.11, where the 
sample was extracted as a freestanding film and sandwiched between the two 
electrodes.  The apparatus with no sample had a resistance of less than 10-3Ω 
across the range of A/C frequencies at the 20mV potential used in all the 
characterizations, which was 6 orders of magnitude lower than the most highly 
conductive samples tested. 
 
4.3.2.3  4 Point Probe 
 A 4-point probe setup was used from Dr. Yossef Elabd’s lab from the 
Chemistry Department at Drexel University.  The purpose of using this method 
in addition to the 2-point system was to validate the 2-point probe system using 
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an established and accepted electrode system.  The 4-point probe setup had two 
platinum wires used as the working electrodes, and two platinum wires in 
between as the sensors, shown in Figure 4.12.  The samples extracted had a width 
of .5 cm, and varied in length depending on the quality of the sample.  The 
lengths of the samples ranged from 2-4 cm, and the potential voltage ranged 
from .5-3V depending on the size of the sample and orientation of the layers.  
The same electrode setup was also incorporated into a liquid cell setup where the 
ionic conductivity of the pure electrolyte was examined. 
 
Figure 4.12: Picture of 4-point probe setup with colored schematic labeling 
electrode placement. 
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4.3.3 Transmission Electron Microscopy 
 Transmission Electron Microscopy (TEM) is an advanced technique 
analogous to transmission optical microscopy, but uses electrons in lieu of visible 
photons.  Electrons with an accelerated voltage of 100keV have a wavelength of 
0.004nm, in contrast to the near-UV 400nm photons, which allows for theoretical 
resolution on the same order of magnitude.  A typical setup for a TEM is shown 
in Figure 4.13, with a vertical ray path; strong magnetic coils called 
electromagnetic lenses are used to focus the electrons.  Since the electrons are 
passing through the sample, a thin sample of 10-100nm is required for a clear 
image.  A high vacuum is required on the order of 10-7 to 10-14 mbar to decrease 
collisions within the chamber and reduce the noise in the final image. 
 A JEOL 2000FX TEM with an accelerating voltage of 200keV and LaB6 
electron source in bright field mode was used to image the thin ultramicrotomed 
sections of film in this manuscript.  The images were collected using a Gatan low 
dose CCD camera and software.  The sample preparation steps for TEM are 
detailed in the following section. 
73 
 
 
 
Figure 4.13: Schematic of a typical TEM setup (right) compared to an optical light 
microscope (left)[53]. 
4.3.4 Transmission Electron Microscopy Sample Preparation 
 After the films were written, the samples were both visually inspected and 
tested using UV-Vis.  The shiniest areas for the transmission gratings, and the 
areas with the highest diffraction efficiency for the reflection gratings, were 
extracted from the sandwiched glass slides using a razor blade, cut and set in an 
Epofix cold hardening epoxy resin at a ratio of 3:26 hardener to monomer part by 
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weight, for 48 hours.  The samples were then sliced using an ultramicrotome 
with thicknesses that ranged from 60-100nm and deposited on TEM grids.  
 The microtomed samples were then stained using the following recipe.  12.5 
ml of deionized water was combined with 0.5g sodium periodate from SPI-
CHEM, used as received, into a 20mL glass vial and mixed for 15 minutes using 
a sonication bath.  The solution was then put into a fridge for approximately 15 
minutes to reduce the temperature to about 5°C.  Then 0.075g ruthenium (IV) 
oxide hydrate from SPI-CHEM, used as received, was added to the solution and 
the vial was immediately enclosed in a heavy metal staining container for 4 
hours.  The TEM grids with the microtomed samples were then put into the 
container for one hour and then removed. 
4.3.5 Optical Microscopy 
 Optical microscopy is a quick and effective method to resolve highly enlarged 
pictures, up to less than a micron resolution, of a variety of samples.  One specific 
technique of optical microscopy is phase contrast microscopy (PCM).  PCM uses 
a transmission mode setup with two light paths; a light that passes through the 
sample and a reference.  As light passes through the sample, different densities, 
dielectric properties and refractive indexes will cause the light to phase shift 
different degrees.  These phase shifts can be compared to the reference light to 
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cause interference patterns, resulting in an image.  One major advantage to this 
technique is that most samples do not need to be stained; a limitation to this 
technique is that the sample must be highly transparent. 
 A precursor to TEM was PCM; as raw microtomed films, the phase shift in 
the epoxy and holographic films was not enough to resolve a clear distinction of 
film locations.  However, after the microtomed films were stained for TEM, the 
phase shifts between epoxy and film were clear.  This technique was used to both 
confirm the presence of mechanically and structurally sound films post-cutting, 
and used as a location marker to expedite the TEM imaging. 
  
76 
 
 
Chapter 5. Setup and Recipe Development 
 In this chapter, a new physical setup of electrical characterization for ionically 
conductive soft materials is reported and validated using an established 4-point 
probe system.  One recipe using the desired PEO and LiTFSI salt is also reported 
here.  The recipe’s shortcomings ultimately lead to the successful recipe reported 
in Chapters 6 and 7, and the observations and clues led to the recipe 
development process are described. 
5.1  2-Point Electrode Setup 
 These HPDE films require a special electrode setup.  Firstly, the geometric 
constraints coupled with the maximum conductivity possible, which would be 
the pure electrolyte conductivity, require a volumetric resistance measurement 
for the through-plane films, or sandwich-type electrodes.  A common sandwich 
type electrode uses two complementary halves which clamp the tested film 
between two electrode contacts using hand-tightened screws or bolts; this type of 
sandwich setup allows for good surface contact between the film and electrodes.  
Our films, however, are mechanically soft, and this type of hand-tightening 
method can tear the film, or shear the film to induce macro-defects in the 
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structure of the holograms.  A sandwich-type electrode with a consistent 
pressure exerted on the contacts is necessary to test these films. 
 The previous setup used for EIS reported by this research group is shown in 
Figure 5.1 [54].  The films were extracted and 5mm square samples where the 
highest diffraction efficiencies measured were cut.  A PET (polyethylene 
terephthalate) film approximately 110μm thick was cut into 2x3cm strips with a 
5mm square hole in the center where the sample was placed.  Silver paint was 
coated on the sample as electrodes and let dry.  The apparatus was then 
sandwiched between two glass slides to minimize movement during handling.  
Two electrodes from the Parstat were contacted on each silver paint electrode in 
the same manner as mentioned in section 4.3.2.1.  While this method collected 
data with low noise and the setup itself had a low intrinsic resistance, there 
remained error in the data calculations and processing.  Conductivity using this 
method is calculated using Equation 5.1; since the silver paint was applied by 
hand each time, for an accurate length and cross-sectional area the painted 
electrodes must be measured for each data collection.  This setup was time 
consuming, and cell geometries introduced another variable for error. 
 σ = 
      
                                 
 (5.1) 
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Figure 5.1: Picture of previously used electrode setup, where the sample is 
sandwiched between two PET slides and a conductivity measurement is made 
through the thickness and across the length of the film.  Silver paint is painted 
from film contact to the edges of the PET for connection with the potentiostat 
equipment [54]. 
 An alternate method using a sandwich structure was devised using a clamp 
conveniently constructed from LEGOs and holes were drilled into the clamp 
where copper nails could be inserted and removed to act as the electrodes.  The 
LEGO clamp was tested using different locations for the spring relative to the 
pivot point, which changed the pressure exerted on the soft film.  The final 
location of the spring was where the film was not ripped or plastically deformed 
79 
 
 
during testing and the data itself had low noise and high conductivity 
corresponding to good surface contact between the soft film and copper nail 
heads.  Because the LEGOs are hollow, an added bonus to this setup is that the 
copper nails were able to pivot approximately 5° from exactly vertical, allowing 
for natural minor adjustments to have better film contact with the electrodes. 
 This setup lowered the noise even further, and allowed for quicker testing 
and better data analysis.  Since the cross-sectional area of the conductivity 
calculations is the area of the nail head instead of the thickness of the film 
multiplied by the width of the silver paint, the overall sample resistance was 
significantly lowered.  The Parstat inherently has an upper limit of resistance of 
approximately 109 ohms and of frequency about 1 MHz; the closer the 
measurements reached this limit the noisier the data set became.  Lowering the 
sample resistance via geometrical changes allows for more accurate data 
collection, and provides the opportunity to measure samples with conductivities 
two orders of magnitude less than with the silver paint setup.  The average ionic 
conductivity for each sample set varied less than 10% when measured with the 
LEGO setup versus the silver paint setup. 
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5.1.1 4-Point Probe Validation 
 Since the characterization of EIS was drastically changed in nearly every step 
post-writing the grating, a validation process was necessary.  The primary 
motivation for testing this setup was due to the largely increased contact area 
introduced by the large surface of the nails relative to the silver paint method.  It 
was suspected that poor contact between the sample and electrodes would 
introduce significant surface resistance and sacrifice accuracy.  The films were 
placed on four platinum wires, acting as the working, sense, reference and 
counter electrodes, and then sandwiched between two non-conducting plates.  
The samples required for the 4-point probe method were approximately 2cm x 
0.5cm, which was about 6 times the sample required for the LEGO EIS setup.  
The transmission gratings were 2.5cm long and little difficulty fitting into the 
new equipment; however, the reflection grating samples did not always possess 
a large sample area that had respectively high diffraction efficiencies.  The best 
one third of the reflection samples were used for characterization. 
 The limit for this EIS setup is about 4x109 ohms, which limited the samples 
that could be tested to higher conductivities.  Since the samples with the highest 
ionic conductivity were between 40 and 45 volume percent of electrolyte, these 
were the sample-sets focused on.  The expected results for the 4-point probe were 
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to be slightly lower than the LEGO setup consequentially from the increased 
surface resistance.  The conductivities of the 2-point probe for these tests were 
6.5x10-6 S∙cm-1 for through plane, and 1.81x10-5 S∙cm-1 for in plane, while the 
conductivities of the 4-point setup was 2.04x10-5 S∙cm-1 for through-plane and 
3.06x10-5 S∙cm-1 for in-plane.  This corresponds to a relative error of 41% for the 
in-plane and 68% for the through-plane measurements. 
 Initially these results sounded high and unacceptable; however, since 
conductivity is the most diverse material property spanning over 20 orders of 
magnitude, it makes more sense to plot the error on a log10 basis.  The difference 
between the in-plane measurements is 0.149 orders of magnitude, and 0.226 
orders of magnitude for through-plane measurements.  These numbers were 
deemed acceptable for two reasons.  Firstly, the reasoning for validating this 
system was heavily weighted on the suspected high surface resistance 
introduced by the large contact area of the nails.  The calculated ionic 
conductivity of the LEGO probe was actually lower than the 4-point probe, 
suggesting that the surface resistance played a much lesser role than suspected, 
which means the electrodes had excellent contact with the film, and there was no 
surface-rich layer of NOA65.  This also suggests that defects and sample 
variations on a large scale are because the holographic patterning procedure was 
more influential on the measurements than originally anticipated.  Secondly, as 
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the surface resistivity was low relative to the most conductive sample, lower 
conductivity measurements would see a lower error.  For example, if surface 
resistivity contributed 4E3 Ω to the setup, and the sample itself had 8E3 Ω 
resistance, then there would be a 50% error.  Using the same setup with a higher 
resistance sample of 8E5, two orders of magnitude lower than the previous 
sample, then the error would be .5%.  This error relativity is because of the 
surface contact changing minimally from recipe variations, and the surface 
contact area not changing from sample to sample. 
5.1.2 Pure LiTFSI-PEO 
 A sample of 25% weight LiTFSI to 75% PEO 400 Mw was measured using a 
liquid cell setup using the same equipment and software as the 4-point probe 
setup in the previous section.  The ionic conductivity of the pure electrolyte that 
is studied in Chapters 6 + 7 was found to be 1.35E-4 S∙cm-1.  No literature could 
be found with a conductivity value for an electrolyte with the same loading of 
LiTFSI with 400 Mw PEO at room temperature; however, this value is reasonable 
compared to literature with similar electrolyte solutions, shown in Table 5.1. 
 The eutectic point of LiTFSI and PEO is of a molar ratio approximately 10:1 
EO:Li, which corresponds to a ΦLi, or molar fraction of Li, of 0.091 [55].  At higher 
LiTFSI loadings, crystalline EO6-Li complexes form and reduce the conductivity, 
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which means the electrolyte #4 should have a lower conductivity than #1.  The 
melting point of PEO is around 60°C, and therefore temperatures higher than 
this will have increased segmental motion and consequently higher ionic 
conductivities, shown in electrolyte #’s 2 and 3.  At significantly higher molecular 
weights of PEO, there are less chain ends per unit volume; chain ends participate 
in segmental motion more easily than amorphous intertwined chains.  
Accordingly, electrolytes # 5 and 6 have lower conductivities than electrolyte #1. 
Table 5.1: Conductivities of electrolytes from LiTFSI and PEO mixtures at 
various loadings and temperatures. 
Electrolyte 
# Mw PEO 
Molar 
% Li:EO 
ΦLi of 
PEO/LiTFSI Temperature 
Conductivity* 
10^-4 (S/cm) Reference 
1 440 5.3% 1.0 25°C 1.35  
2 25000 5.0% 0.38 90°C 2.8 [28] 
3 25000 6.7% 0.38 90°C 4 [28] 
4 1000 11.9% 1.0 25°C 0.18 [56] 
5 5000000 2.0% 1.0 25°C 0.032 [57] 
6 5000000 5.9% 1.0 25°C 0.13 [58] 
 
5.1.3 2-Point Probe Summary 
 The 2-point probe method was adopted as the primary ionic conductivity 
characterization method due to its versatility and noise reduction over the 
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previously used method.  The setup was tested against both the previous method 
and a 4-point probe method used by a different research group to test thin films 
and found to have comparable data. 
5.2  40% Weight LiTFSI  
 The first recipe that was characterized in more detail was 40% weight LiTFSI 
in 60% PEO 400 Mw, which corresponds to a molar ratio of 9.8:1 of OPEO:LiLiTFSI.  
This recipe showed excellent diffraction efficiencies, some samples over 80%, 
with electrolyte volume fractions around 35%, which suggested a good nano-
structure. 
5.2.1 UV-Vis 
 Figure 5.2 shows the diffraction efficiencies of the electrolyte loaded at 
different volume percents in the reflection grating films.  There are a few things 
that can be noticed with the UV-Vis data.  First of all, as reported by Birnkrant 
[39], what is termed a “roll off” in the spectrum as the graph approaches the UV 
range indicates there are significant droplet formations in the hologram that 
result in scatter.  The 11, 22 and 33volume percent loadings do not see this roll 
off, suggesting there may be lamellar or minimally non-droplet formation; 
however, the 44 and 55 percent loading of electrolyte begin to see this roll-off 
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behavior indicating there are droplets.  The second observation note is the depth 
and width of the notches.  The notches with a larger full-width half max are 
indications of phase inconsistencies caused by either phase separations intrinsic 
to the materials intruding at the intended interfaces of the grating, or insufficient 
macro-mixing before sandwiching the prepolymer syrup between the glass 
slides.  All samples reported were attributed to have the former cause as great 
care was taken crafting the recipes.  The depth of the notch is related to the 
refractive index mismatch, where a higher mismatch leads to a deeper notch, and 
the atom mixing at the phase interfaces, where reduced mixing leads to a deeper 
notch. 
 The wavelength of the notch peak seems to shift slightly between the 
samples.  During synthesis, the prism angle is offset by 20° ±.5° per Figure 4.4, 
which could lead to some error as the angle will shift the DE notch.  However, 
this could also be indicating something is changing in the nano-structure of the 
films to cause the shifts in coherent scatterings patterns.  However, this is where 
the limitations of the UV-Vis spectroscopy techniques are clear; to define the 
structure and quantify the anisotropy EIS and TEM must be used. 
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Figure 5.2: UV-Vis spectrum displaying diffraction efficiencies of varying volume 
percents of the electrolyte 40% wt 400Mw PEG and 60% LiTFSI mixed with 
NOA65 to form holographic volume gratings.  Samples 43.9%, 33.5%, 22.7% and 
11.6% are vertically offset cumulatively 10% transmission. 
5.2.2 Transmission Electron Microscopy 
 While UV-Vis and EIS are excellent techniques for understanding these films, 
the structure of the holograms cannot be clearly accounted for without an image 
showing real space morphology.  Images taken by TEM of 33% electrolyte 
loading by volume are presented in Figure 5.3, which from the literature review 
the loading percent should result in the best structure. 
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Figure 5.3: TEM images of 33%(40%LiTFSI-60%PEO)-67%NOA65 holograms at 
two different resolutions.  The dark areas are PEO that have been stained with 
RuO4, and the light areas are the NOA65. 
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 The TEM images provided conclusively that the hologram was a result of a 
droplet formation in confined layers structure.  Since the electrical data presented 
in the next section was not what was desired to be characterized, and our 
suspicions of not having semi-continuous layers were correct, this was the only 
TEM image taken for this sample set.  As pure PEO is capable of creating semi-
continuous layers, the high loading of LiTFSI in this case is attributed to 
changing the mixing parameters too much that the layers cannot form. 
5.2.3 Ionic Conductivity 
 EIS was performed on the 40%wt LiTFSI set of holographic films, and the 
resulting conductivities are shown in Figure 5.4.  It is immediately apparent that 
there is not anisotropy in ionic conductivity between in-plane and through-
plane, and with closer inspection, it is observed that the through-plane 
conductivities are actually higher than the in-plane conductivities.  From the UV-
Vis spectrums, the expected structure is lamellar, semi-continuous layers, or 
oval-shaped droplets. 
 The expected conductivities then should have anywhere from one to four 
orders of magnitude anisotropy, purely dependent on the diffusion kinetic and 
ion concentration differences of LiTFSI in PEO versus NOA65 molecular 
matrices.  There will be an upper and lower limit to this anisotropic behavior, 
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where lower volume fractions of electrolyte will not be able to form continuous 
or semi-continuous layers under the kinetic and thermodynamic constraints 
during the hologram writing.  The upper limit in the anisotropy will occur when 
the electrolyte confined layers begin to thicken in size and randomly overlap 
with each other or are close enough to allow percolation of ionic charge; as a 
result the through-plane conductivity should increase considerably when this 
critical volume fraction has been reached.  These general trends can also be seen 
in Figure 5.4. 
 
Figure 5.4: Graph of calculated conductivity using Nyquist plot from EIS 
measurements versus volume fraction of electrolyte, and expected trend plots for 
transmission (green) and reflection (red) volume gratings. 
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  Theoretical percolation models of conducting spheres combined with an 
insulative medium were compiled by David McLachlan [59].  One model closely 
represents these HPDE samples where the sphere morphology on a macro-scale 
is isotropic, which requires a long range order of spheres, and where generally 
the spheres do not come in contact with each other creating a connective 
network.  The model produced Equation 5.2, which describes the composite 
conductivity (σm) in a 2D or 3D Bravais lattice structure when the volume 
fraction of conductive medium (Φ) and conductivities of the conductive phase 
(σh) and of the insulative phase (σl) are known.  A is the demagnetization 
coefficient of ellipsoids, which is 2 for spheres [59]. 
  
        
        
       
        
        
   (5.2) 
                                 (5.3) 
                  
           (5.4) 
                     (5.5) 
 Equation 5.3 is the complex ac conductivity, also known as the Bruggeman 
Symmetric equation, and Equations 5.4 and 5.5 are the scaling equations for the 
complex ac conductivity, where ω is the angular frequency, Φc the critical 
percolation volume fraction, σcr the real component of the conductivity of the 
higher conducting phase above Φc, ε the real component of the low frequency 
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dielectric constant, and F+ the complex scaling functions above and below Φc.  
Figure 5.5 shows the solution to combining Equations 5.2 and 5.3 for which σh= 
3E-5 and σl = 3E-8 [59]. 
 
Figure 5.5: Simulation model for 5 different systems where A = 2 and σh= 3E-5 
and σl = 3E-8.  Curves i and v are upper and lower bounds for the Maxwell-
Wagner equations, ii and iv the upper and lower bounds for the Bruggeman 
Asymetric equations, and iii is the Bruggeman Symmetric equation [59]. 
 The Bode and Phase plots are shown in Figure 5.6 and Figure 5.7, and the 
Nyquist plot in Figure 5.8, which is how the conductivity is calculated.  The 
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essentials of interpreting these plots will be outlined in more detail 
systematically in the subsections of section 6.3.  One thing to note for the 
following discussion is the parstat tests the films beginning with the high 
frequencies, and tests 10 points per decade on a logarithmic scale down to the 
low frequencies, so the proper way to read these graphs with frequency is from 
right to left. 
 The first obvious observation is that the Bode plot and Phase plot become 
increasingly noisy after 100Hz.  This is a consequence to two variables; firstly, the 
faraday cage used during these tests were different than the one presented in 
section 4.3.2.1; some of the noise was caused by the nearby electrical equipment 
running on 60Hz power interfering the measurements near to that frequency.  
Secondly, the conductivities of the films are approaching the parstat’s upper 
resistance limit, which is around 108 to 109 ohms. 
 The second observation is not so obvious; there is a distinct difference in 
behavior in the Bode plot with both reflection and transmission gratings as the 
volume fraction are increased.  This is expected to be a two-phase structure, 
where the PEO is a highly ionically conductive phase, and where both the 
diffusion kinetics and saturation limit of the Li salt in the NOA65 are much lower 
than PEO, forming a lesser conductive phase.  Based on this hypothesis, the Bode 
plot should (from left to right) have an upwards slope and plateau to a degree, 
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then begin to slope again even further up with a second plateau.  It is evident 
that the first plateau, which corresponds to the ionic conductivity, decreases as 
expected with a higher loading with both gratings; however, it appears that the 
second slope, which corresponds to ionic diffusion into the NOA65 matrix, is 
overbearing the entire graph, especially for the low loading samples. 
 
 
Figure 5.6: Bode plot of resistance versus frequency of holographic polymer 
dispersed electrolyte films. 
94 
 
 
 
 
Figure 5.7: Plot of phase lag versus Frequency of 22% and 33% volume percent 
electrolyte (top) and 44% and 55% volume percent electrolyte (bottom) HPDE 
films. 
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Figure 5.8: Nyquist plot of resistance versus imaginary resistance of 22% and 33% 
volume percent electrolyte (top) and 44% and 55% volume percent electrolyte 
(bottom) HPDE films. 
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 Thirdly, comparing the phase plot to this is in further agreement; if ionic 
conductivity, and not diffusion, was a primary mechanism of charge transfer, 
then the phase plot should dip down to somewhere between 0° and 30° at 
around 103-105 Hz.  This expected behavior is only seen at the high over-loadings 
of 44% and 55%; it has been reported that generally the best structures are 
achieved, when using polymer dispersed HL techniques, at around 30% volume 
loadings of non-photopolymerizable material [39]. 
 Lastly, the Nyquist plot should be, if we have two clearly separated phases, a 
set of two semi-circles whose curvatures should overlap slightly, with a small 
one close to the origin of the graph corresponding to ionic conductivity in the 
PEO, and a larger one at higher real resistances, corresponding to ionic 
conductivity in the NOA65.  At lower electrolyte loadings, the Nyquist plot is 
poorly defined and there is significant noise.  This double semi-circle shape plot 
can be seen more clearly with the higher electrolyte loadings per the 55R and 55T 
samples. 
 All of these observations lead to the conclusions that there are probably not 
two clearly defined long-range ordered phases as originally suspected, or there 
are significant contributions of Li-based ions in the NOA65 matrix for total 
charge transfer. 
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5.2.4 40% Weight LiTFSI Summary 
 This recipe showed promise in the recipe development process for creating 
well-defined holographic polymer dispersed electrolyte (HPDE) gratings; 
however, the irrefutable evidence provided from TEM shows that this recipe 
cannot be used to study anisotropic conductivity.  The samples were not 
conductive enough for our equipment except at very high electrolyte loadings, 
which could be a consequence of either an overloading of ions in the PEO matrix 
described earlier in this work using a car and highway analogy, or a consequence 
of a large fraction of LiTFSI present in the NOA65 matrix.  The ionic component 
added to this recipe increased the DE of the films from approximately 30% to 
80%, which at first glance was deceiving per the initial goals. 
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Chapter 6. 25% Weight LiTFSI in 400 Mw PEO 
6.1  Introduction 
 Many variations in the electrolyte formulation from chapter 5 were 
attempted, including increased temperature, increased Mw of the PEO, and 
lowering the ratio of Li to EO in the electrolyte solution.  This chapter focuses on 
the study of recipes that used 25% LiTFSI in 75% weight PEO Mw 400, 
corresponding to a molecular ratio of 19.6:1 for OPEO:LiLiTFSI, that displayed both a 
better and clearer semi-continuous structure, and an anisotropic ionic 
conductivity behavior through the use of EIS and UV-Vis techniques. 
6.2  25% Weight LiTFSI UV-Vis 
 The UV-Vis spectra of the 25% weight LiTFSI electrolyte is shown in Figure 
6.1.  There are a few observations to note; firstly, there is some roll-off at lower 
wavelengths with the higher volume percents.  This suggests that there are 
probably not the typical droplet formations seen in HPDLCs; however, there 
probably are some sorts of undulations in the layer interfaces perhaps caused by 
semi-continuous droplets or oval-shaped droplets with some of the films.  
Secondly, in general the full-width half-maximum of the diffraction peaks are 
much larger than most of the other film recipes characterized including those 
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shown in chapter 5.  Usually broad DE peaks correspond to a more gradual 
change in refractive index at the interface, usually caused by phase mixing.  The 
peaks however, particularly for the 50.5% volume electrolyte hologram, have a 
much deeper DE notch.  This usually corresponds to well defined, well-ordered 
structures with sharp consistent changes in refractive indexes.  
 
Figure 6.1:UV-Vis spectra of varying volume percents of electrolyte (25% wt 
LiTFSI-75% wt PEO 400Mw).  Samples 38.0%, 40.1%, 41.2%, 45.4%, 50.5% and 
55.5% samples are vertically offset 10% transmission cumulatively. 
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 The differences in DE between the 45.4%, 50.5% and 55.5% samples are 
significant, changing from approximately 55%, to consistently over 98%, to then 
less than 30%.  This behavior is most likely because of one or more structure 
changes between 45% and 55%.  Again, UV-Vis was an excellent preliminary test 
to see what is probably happening on the nanoscale, but must be supplemented 
with other techniques to have well supported observations. 
6.3  25% Weight Conductivity Data 
 The following subsections will first explain in more detail how to read each of 
the different types of graphs in a more practical manner, display the results, and 
finally explain the results and observations of the data collected.  Again for all 
these graphs is to note that most EIS tests begin with high A/C frequencies and 
test down to the lower frequencies; when reading plots with frequency as an 
axis, the graph should be looked at starting from high frequencies to the lower, 
or often right to left.  
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6.3.1 Results 
 
Figure 6.2: Bode plot of reflection gratings for 25% Li electrolyte at various 
loadings. 
 
Figure 6.3: Bode phase plot of reflection gratings for 25% Li electrolyte at various 
loadings.  
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Figure 6.4: Nyquist plot of reflection gratings for 25% Li electrolyte at various loadings. 
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Figure 6.5: Nyquist plot of reflection gratings zoomed at the origin almost two orders of magnitude to display continuing 
trend of the ionic conductivity versus electrolyte loading. 
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Figure 6.6: Bode plot of transmission gratings for 25% Li electrolyte at various 
loadings. 
 
Figure 6.7: Bode phase plot of transmission gratings for 25% Li electrolyte at 
various loadings. 
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Figure 6.8: Nyquist plot of transmission gratings for 25% Li electrolyte at various 
loadings. 
 
Figure 6.9: Summary of calculated ionic conductivities from the Nyquist plots of 
transmission and reflection gratings versus electrolyte loadings and IEC (in 
mmol/g) with error bars at xˉ± 2σ. 
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6.3.3 EIS Discussion 
 In this section, first the reflection and secondly transmission data sets will be 
commented on, and then compared in the following section.   Each of the curves 
in the Bode, phase and Nyquist plots are from a representative sample run close 
to the average behavior from a sample set of 3-9 films for each recipe, each 
sample run three times.  Samples will be referred to by their volume percents 
rounded to the nearest 1% followed by a T, R or M for transmission gratings, 
reflection gratings, or milky for no grating, respectively.  Again, reflection 
gratings are for through-plane measurements, and transmission gratings are for 
in-plane measurements.  The sample sets that had electrolyte loadings lower than 
34% volume are included in the calculated conductivity discussions but are not 
graphed with the other EIS plots due to the orders of magnitude differences and 
resulting decrease in resolution for presentation.  The EIS plots not shown are 
much noisier than what is shown, but are in agreement with the discussed 
trends. 
6.3.3.1  Reflection Gratings 
 Figure 6.2 is the Bode plots of the reflection gratings; there is a drastic change 
between the behaviors in 35R and 38R and the rest of the mixtures.  There are 
also two sets of capacitor-like behaviors in each of the curves except for 35R.  
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This suggests that the ionic diffusion in the PEO is the first rise and plateau, and 
the ionic diffusion in the NOA65 is the second rise and plateau.  The ionic 
conductivity itself, or first plateau, also has an interesting behavior at the higher 
volume percents; the curves decrease as expected until 51R is reached.  This 
sudden slight jump in behavior is indicative of a structural change; since it is 
higher than the others and these are through-plane measurements, then there is 
most likely a “sweet spot” for this electrolyte loading. 
 The Bode phase plots for reflection gratings are shown in Figure 6.3; the first 
(right) hump in the graph corresponds to the ionic conductivity.  As the 
electrolyte is increased, the phase maximum decreases, and the peak shifts 
towards higher frequencies.  The potentiostat used in these experiments has an 
upper limit of accurate frequency measurements at 1MHz; this peak shift trend 
appears as if it would continue to into the higher frequency range if we were able 
to test that high.  The second hump is shifting also to higher frequencies, and the 
maximum is increasing with higher electrolyte loadings. 
 At first glance this is counter intuitive as theoretically, the domain size for the 
electrolyte should either be staying the same size or becoming slightly larger 
with increased loadings.  If we assume droplet formations at very low loadings, 
then increasing the electrolyte will have two possibilities.  The droplets could 
simply increase until the droplet size causes interconnection between the droplet 
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layers, or there could be a critical volume fraction when the droplets stop 
growing and the layer begins to fill in with electrolyte to form a lamellar 
structure.  A possibility for this observed behavior is that the electrolyte layer is 
not pure electrolyte.  If the NOA65 is still present in a reasonable quantity in the 
electrolyte domain, then this could be attributed for the decreasing maximum of 
the phase peak for the ionic conductivity.  Also, if the NOA65 is not 100% pure in 
the regions of high intensity during the HL process, then this could also attribute 
to phase shifts in both the electrolyte and resin diffusion, as well as lower the 
overall conductivity regardless of structure.  Both of these hypotheses are 
dependent on a thermodynamic assumption that the LiTFSI, not necessarily the 
PEO, is miscible with the cross-linked NOA65. 
 The basic concept behind tuning the recipe to create layers is that when the 
NOA65 is in its monomer state, the NOA65 and non-photopolymerizable 
components, electrolyte in this case, are completely miscible.  When the NOA65 
is polymerized, the chi parameters are considerably changed.  If the crosslinked 
NOA65 is immiscible with the electrolyte, then droplets will form.  If the 
crosslinked NOA65 is still completely miscible with the electrolyte components, 
then if the dark regions of the interference pattern are not completely dark, poor 
quality layers will form depending on how perfect the interference pattern is.  If 
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the thermodynamics of the NOA65 are just right per the scale of the interference 
pattern, and that they mix just enough, then high quality layers will form. 
 The Nyquist plots for these reflection gratings are shown in Figure 6.4 and 
Figure 6.5, where Figure 6.5 is zoomed in two orders of magnitude at the origin.  
The general trend that was seen in all the data points through 5 orders of 
magnitude was the ionic conductivity semi-circle, corresponding to the ionic 
diffusion in the PEO matrix, continued to reduce in size as the electrolyte loading 
was increased.  Because the conductivities vary over four orders of magnitude, it 
is difficult to display clearly the data; Nyquist plots cannot be shown in log-log 
form because the shape of the semi-circles become distorted and for qualitative 
purposes, become unreadable.  The semi-circles continuously decreases in size as 
the electrolyte loading is increased, corresponding to the increase in 
conductivities calculated shown in Figure 6.9.  The ionic conductivities between 
41R, 45R and 50R are not very different, which suggests a similar stable 
holographic structure created in these ratio ranges of electrolyte to NOA65.   
6.3.3.2  Transmission Gratings 
 Since the conductivity of the pure electrolyte is 1.35E-4 S∙cm-1, if there were 
perfect layers in the transmission gratings then the ionic conductivity of the 
HPDE film would simply be 1.35E-4 S∙cm-1 times the volume fraction of 
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electrolyte.  Figure 6.6 shows the Bode plots and Figure 6.7 shows the phase plots 
for the transmission gratings.  Other than 40T, which has a higher plateau on the 
Bode plot, all the samples behave very similarly on a similar scale.  While there 
are variances at lower frequencies in the phase plot, there are no significant 
trends that can be observed from either plot, which is as expected. 
 The Nyquist plots for these samples are shown in Figure 6.8; the general 
trend is that as the electrolyte loading is increased, the semi-circle decreases, 
corresponding to higher ionic conductivities.  The one exception to that is the 51T 
sample, where the ionic conductivity decreases nearly an order of magnitude, 
more clearly shown in Figure 6.9.  This is indicative of a structure-type change, 
and is in strong agreement with the UV-Vis data regarding the reflection 
gratings. 
6.3.4 Ionic Conductivity Plots 
 The ionic conductivities were calculated using Equation 5.1, where the length 
is the thickness of the film, the cross sectional area is the area of the electrodes, 
and the resistance gathered from the Nyquist plots.  A general model for 
measuring the resistance is shown in Figure 6.10 the red smaller circle is the ionic 
diffusion of LiTFSI in the PEO matrix.  The diffusion in the NOA65 matrix is 
orders of magnitude larger, and often invades the curvature of the first circle 
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such that there is no complete intersection with the x-axis corresponding to pure 
resistive behavior.  The green line represents interpolated data using a circle 
best-fit line, and the blue arrow indicates the real resistance magnitude used in 
Equation 5.1. 
 σ = 
      
                                 
 (5.1) 
 
Figure 6.10: Model of a general Nyquist plot for diffusion-based impedance, 
where the smaller red circle is the LiTFSI diffusion in PEO and the larger red 
circle is the LiTFSI diffusion in NOA65.  Interpolated data is shown in green with 
the intersection point where the resistance measurement is taken marked with 
the blue arrow. 
 Figure 6.9 shows the calculated ionic conductivity data of the reflection and 
transmission gratings as well as samples cured with the expanded laser beam 
with no interference pattern.  The error bars shown are two-sigma, which 
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correspond to a 95% confidence interval.  The lower error bars for 29T and 35R 
are the minimum data points as two-sigma was more than the actual average 
data point, which is due do these sample resistances being very close to the 
upper limit of the potentiostat.  The behavior at the lower electrolyte loadings 
resembles closely the percolation theory presented by McLachlan, where the 
critical volume fraction of electrolyte is on the order of 0.35.  The critical volume 
fraction of electrolyte loading for this system is also close to 0.35; however, since 
the spheres in this case are confined to 2D layers, if we assume there are 200nm 
layers of pure NOA65, then the critical volume fraction for percolation within the 
electrolyte layer in the transmission samples is closer to 0.70. 
6.4  25% LiTSFI Summary 
 This mixture of electrolyte and NOA65 showed anisotropic conductivity 
behavior, but EIS and UV-Vis are inconclusive as to the unexpected nearly 
isotropic behavior of the 41.2% and 43.3% sample sets, as well as the particular 
types of phases these films contain.  The UV-Vis data showed a considerable 
increase in DE notches, also indicating better structures in these HPDE films.  For 
the EIS plots, there are strong trends in the reflection gratings seen consistently 
across over 50 samples during 8 months’ time, and no trends are seen in the 
transmission gratings incorporating the volume percent change.  The error bars 
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of two-sigma, which correspond to a 95% confidence interval, indicate the 
mentioned trends and observations are likely to be real and not attributed to 
noise or error. 
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Chapter 7. Structure and Morphology 
7.1  Introduction 
TEM is the highest resolution non-surface imaging technique.  In this chapter the 
structures of the 25% LiTFSI with 75% PEO 400 Mw will be studied using TEM.  
These investigations provide evidence for yet another material that can 
successfully be holographically dispersed using polymer.  It was found that 
different loadings of the electrolyte resulted in high and low quality holographic 
gratings. 
7.2  Transmission Electron Microscopy Micrographs 
 The following are the TEM micrographs of HPDE samples taken using 
ultramicrotomy and RuO4 staining techniques.  Samples will be referred to by 
their volume percents followed by a T, R or M for transmission gratings, 
reflection gratings, or milky for no grating, respectively. 
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Figure 7.1: TEM Micrographs of transmission gratings marked with volume percents of electrolyte.  Scale bars in red are 
1000nm. 
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Figure 7.2: TEM micrograph of reflection gratings marked with volume percents of electrolyte.  Scale bars in red are 
1000nm. 
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Figure 7.3: TEM micrographs of 29.4M(a) and 45.4M(b).  Red scale bars are 
1000nm. 
7.3  Discussion 
 The reflection gratings behave very similarly to the hypotheses stated in 
chapter 6.  At lower electrolyte loadings, the electrolyte forms into layer-confined 
droplets, as shown in Figure 7.1.  As the electrolyte content is increased, the 
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droplets change into oval-shaped droplets with the long axis aligned in-plane, 
observed in 41.2R, and then to semi-continuous layers, seen in 50.5R.  At higher 
loadings, the electrolyte does not form recognizable layers, shown in 55.5R; 
however, the UV-Vis shows diffraction efficiencies of 25% for these samples.  
Figure 7.4 shows a schematic for the structure produced by the HL at different 
loadings.  At lower loadings, droplets are formed that are smaller than the 
confined domain region created by the holographic patterning because there is 
not enough electrolyte to fill the layer.  As a result, the droplets are not aligned 
well, but they form an overall general electrolyte-containing layer.  As the 
electrolyte content is increased, the droplets enlarge and begin to fill out the layer 
in a brick and mortar like pattern, per Figure 7.4b,c.  As the volume percent is 
increased to near the saturation limit of electrolyte in the layers, a low density of 
interconnecting pathways of electrolyte through the NOA65 layers is seen.  
Finally, once the saturation limit is surpassed, the droplets continue to grow and 
invade the NOA65 layer, interrupting the integrity of the holographic periodicity 
shown in Figure 7.4d. 
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Figure 7.4: Schematic of structure of HPDE films as a function of electrolyte 
loading.  Modeled loadings are 30% volume (a), 40% volume (b), 45% volume (c) 
and 55% volume (d). 
 The transmission gratings do not behave as expected; the first immediate 
observation is that the reflection and transmission gratings do not form the same 
structures for the same electrolyte loadings.   This is particularly evident for the 
41.2% and 50.5% electrolyte samples, where the reflection gratings form well-
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defined semi-continuous layers and transmission gratings poorly defined 
droplet-dominant structures.  At 45.4%, the transmission gratings possess a very 
well-defined layered structure; all of this suggests there is a variant outside of the 
thermodynamics and diffusion process altering the structure between the two 
optical setups.  This discrepancy between the two methods for creating the 
holograms can reduce the anisotropic conductivity in the samples because 
without the ordered layer formation in the transmission gratings, the localized 
in-layer percolation behavior changes. 
 There are two probable causes of this variance between the two patterning 
methods.  Since the reflection gratings are caused by an internal reflection, the 
light waves that interact from each other are physically less than 40μm from each 
other in a cross-sectional view of the laser’s wavefront.  This means that if there 
are power density fluctuations across the wavefront, the resulting dark 
interference will not be perfectly dark; however, because of the close proximity 
of the two light waves used to make the reflection gratings, the reflection 
samples should only minimally be affected by power density fluctuations.  In 
contrast, the transmission setup uses two separate parts of the wavefront which 
are approximately 12mm apart relative to a cross-sectional view of the laser’s 
wavefront.  This means that the transmission interference patterns are much 
more susceptible to power density fluctuations across the laser wavefront. 
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 Also, the scale of the transmission gratings’ layers is nearly twice as large as 
the reflection gratings.  This means that the NOA65 monomers must diffuse 
nearly twice as far for the same quality of separation between the layers.  If the 
kinetics of our system cannot compensate for the diffusion length increase, then 
the NOA65 could polymerize before it reaches the area of high interference 
intensity.  This increased diffusion length will also amplify the effect of a 
wavefront with power fluctuations, in that the NOA65 must diffuse twice as far 
in a non-completely dark region. 
 The two milky samples were microtomed and imaged to better understand 
the thermodynamics of the NOA65 and electrolyte.  Figure 7.3 shows the 
morphologies of the materials when cured under the laser beam with no prism to 
create an interference pattern.  The color of these samples to the eye is milky; this 
is nearly always indicative of large phase separations.   At first glimpse, it does 
not appear that these samples have morphologies greater than on a scale of 
10nm; however, further inspection shows that these mixtures form irregular bi-
continuous tube-like structures.  Since the scales of these phase separations are 
significantly less in scale than the induced structures from holographic 
polymerization, this recipe is too-miscible, per discussion in chapter 6. 
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7.4  Structure Compared With Ionic Conductivity 
 Figure 7.5 shows the plot of calculated conductivity data from chapter 6 with 
the TEM images marking data points along each of the plots.  Some of the 
questions raised by the EIS plots can be answered with these TEM micrographs, 
while some cannot.  Firstly, the maximum in conductivity seen with the 
transmission gratings at 45.4% electrolyte loading is in agreement with the TEM 
image showing well-defined layers.  At the higher loadings, the structure loses 
its integrity and as a result, the conductivity decreases.   
 The TEM images also can describe well what is happening with the reflection 
gratings’ EIS plots; at lower electrolyte loadings there are droplet-dominated 
layered structures, and as a result the conductivity is very low.  At 41.2% to 
50.5% the structure noticeably changes to a semi-continuous layer formation and 
the conductivity reaches a plateau.  Finally, at higher loadings, the structure’s 
integrity is diminished, and the conductivity becomes a function of electrolyte 
loading and ion percolation distance. All of the TEM micrographs show very 
distinct phase separations; however, these images cannot be decisive as to where 
the charge carriers are present.  This leaves a gap in conclusive evidence for 
understanding the EIS behavior of lower frequency shifts at lesser electrolyte 
loadings. 
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Figure 7.5: Plot of calculated conductivity data with TEM images marking the plots.  
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Figure 7.6: Graph of volume percent of electrolyte versus the conductivity ratio 
between reflection and transmission gratings. 
 Figure 7.6 shows the relationship between anisotropy and electrolyte loading. 
The graph behaves as expected, with a higher anisotropy at lower loadings with 
a maximum of 37 at 40% volume electrolyte, tapering down to close to 1 at 
higher electrolyte loadings where the DE is low, corresponding to a poor 
holographic structure.  This anisotropy is consistent with the 2D sphere 
percolation theory in that with the conductivity measured in-plane with the 
electrolyte layers, there is a significantly higher sphere count per unit length 
across the distance between the electrodes.  The sphere count in the reflection 
gratings, where the conductivity is measured through-plane, should be lower as 
there is more NOA65 across the distance of the electrodes. 
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 This anisotropy is an increase to directly synthesized ionically conductive 
membranes.  It has been shown that triblock copolymer membranes can be 
synthesized with a preferential crystallization orientation, creating an anisotropic 
conductivity within the films with the in-plane measurements 5-10 times higher 
[60] and 9-12 times higher [61].  Other post-synthesis methods have also been 
applied to induce anisotropic conductivities, such as melt pressing diblock 
copolymers to have an anisotropy of 75 [62], mechanical stretching for 25 [63], 
and magnetic field induced alignment to have an anisotropy of almost 3 orders 
of magnitude [64].  Other studies using photopolymerizable techniques with 
imidazolium salts and liquid crystals to create 1D nano-sized ionic conducting 
channels have been reported with high temperature conductivities with 
anisotropies of 260 to 1400 [65].  While post-synthesis methods have shown to 
have credible increases in anisotropic ionic conductivities, most of these 
processes are not realistic with the materials used in this manuscript due to 
degradation.  For induced alignment during a one-step sample synthesis, this HL 
method has shown a three to four-fold increase to current alternative methods. 
 From directly observing Figure 6.13 there seem to be some inconsistent trends 
between 41% and 45% volume where the reflection gratings first plateau and the 
transmission gratings do not.  Firstly, there are structure discrepancies between 
the reflection and transmission gratings evident in the TEM micrographs, but not 
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clear in the Bode phase plots.  Secondly, there could be increased mixing of 
NOA65 in the electrolyte regions at this loading.  The milky samples are 
expected to have similar types of phase separations, only the scales will change 
as more electrolyte is loaded.  This behavior is seen in the conductivity of the 
milky sample with the exception of the 29M sample which is 3 orders of 
magnitude less than the other mixtures. 
7.6  Summary 
 These TEM micrographs have shown that the optical setups for the reflection 
and transmission gratings do not always create similar structures for the same 
electrolyte loading.  The micrographs also explain the maximum in the 
transmission gratings’ calculated conductivity plots, as the maximum 
conductivity is where the best structure is present.  The milky samples show that 
this electrolyte mixture is too miscible with the NOA65, causing the diffusion 
during the holographic polymerization more difficult. 
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Chapter 8. Conclusions and Outlooks 
8.1  Conclusions 
 A new EIS setup using a sandwich type probe was evaluated and 
validated using the previously implemented setup, along with an external 
lab’s 4-point probe setup. 
 A multifunctional photonic crystal was fabricated with holographic 
lithography using 25% and 40% weight LiTFSI in 400Mw PEO. 
 EIS showed that the 25% weight LiTFSI HPDE exhibited anisotropic 
conductivity of in-plane versus through-plane, with a maximum 
anisotropic ratio of 37. 
 TEM of the 25%wt LiTFSI HPDE showed the two optical setups for the 
reflection and transmission gratings do not always result in the same 
structures. 
 The 25% weight LiTFSI was shown to be too-miscible with the 
photopolymerizable NOA65, and as a result the “sweet spot” of volume 
loading for these HPDE were on the order of 45% instead of 30% with 
most previously studied immiscible material recipes. 
 Another material mixture was shown to exhibit semi-continuous layers 
with holographic polymerization. 
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 Combined EIS and TEM techniques on these HPDE have shown that 
conductivity is structurally dependent on the nanoscale with this system. 
 This system has shown percolation behavior with non-conducting regions 
on the order of 20-50nm; care must be taken with similar small-scale 
systems to understand any percolation behavior interfering with 
structural dependency of ionic conductivity. 
8.2  Future Outlooks 
 The fabrication of the transmission gratings should be tailored so the 
morphology is similar to that of the reflection gratings.  The optics should 
be setup firstly so the scale of the transmission gratings’ layers is the same 
as the reflection, and a new 2-beam setup may be required to alleviate the 
wavefront fluctuations that impede on the destructive interference. 
 The LiTFSI ion distribution density was not examined because of the 
equipment readily available.  If the LiTFSI ions are not highly segregated 
into the PEO regions, then there may be more complex interactions than 
assumed during EIS interpretations in Chapter 6. 
 Another electrolyte system should be investigated with the same 
periodicity as this work to confirm that this two-dimensional phase 
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confinement structure strongly affects ionic conductivity via through and 
in-plane directions. 
 LiTFSI at certain mixtures significantly increased the optical qualities of 
the gratings, creating highly anisotropic conducting films with diffraction 
efficiencies consistently over 95%.  Using the improved structures from 
the electrolyte solvent combined with higher refraction index mismatches 
from the charge carriers, it should be possible to create thin films with 
100% diffraction efficiencies and bandgaps on the order of 1s to 10s of 
nms. 
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